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Expansive soils are common around the world and are characterised by their non-linear 
shrink-swell behaviour with changes in water content. Expansive soils create problems for 
engineers by damaging structures, pavements and foundations with this unpredictable 
movement. Along with these shrink-swell variations, expansive soils exhibit very low bearing 
capacities and strengths when moisture contents are high. Expansive soils vary in 
performance and identifying these soils can be difficult.  
Lime stabilisation is the most common method for stabilising expansive soils in Australia. 
Lime stabilisation decreases plasticity, reduces shrink-swell,  increases bearing capacity and 
shear strength of subgrade soils. Lime has disadvantages, namely the high financial and 
carbon cost of lime. Australia has an abundance of fly ash, a waste product from the 
production of electricity using coal. Fly ash can be used as a geopolymer binder when 
combined with sodium hydroxide and sodium silicate. These geopolymers can achieve the 
same results as lime and cement-based stabilisers, at a fraction of the carbon cost, and 
making use of waste fly ash that would otherwise go to landfill.  
The most reliable methods of identifying expansive soils were examined and a series of 
laboratory tests were conducted to determine the characteristics of an expansive soil found 
in the South East Queensland region. A geopolymer treatment option was found using past 
research and applied to the expansive soil. The laboratory tests were repeated and the 
changes to the soil were recorded. These performance changes were examined and 
compared with the standards for subgrades as determined by Austroads pavement design 
guidelines. Pavements were then designed using these standards to determine if 
geopolymer soil stabilisation is viable from a technical performance perspective using the 
current Australian design guides for pavements. A cost analysis was also conducted to see if 
geopolymer stabilisation was viable from a financial perspective.  
The research found that alkali activated fly ash geopolymers were effective at improving the 
engineering characteristics of expansive soils. The results obtained met the requirements for 
Austroads standards for bearing capacity and reductions in plasticity index, meaning that it 
was viable alternative from a technical perspective. Geopolymer stabilisation was found to 
be far more sustainable, producing roughly 10-20% of the carbon cost of lime stabilisation. 
Financially, geopolymer stabilisation is still expensive, costing roughly double what lime 
stabilisation does in Australia 
3 
 
University of Southern Queensland 
Faculty of Health, Engineering and Science 
 
ENG4111 & ENG4112 Research Project 
Limitations of Use  
 
The Council of the University of Southern Queensland, its Faculty of Health, Engineering and 
Sciences, and the staff of the University of Southern Queensland, do not accept any 
responsibility for the truth, accuracy or completeness of material contained within or 
associated with this dissertation. 
 Persons using all or any part of this material do so at their own risk, and not at the risk of 
the Council of the University of Southern Queensland, its Faculty of Health, Engineering and 
Sciences or the staff of the University of Southern Queensland.  
This dissertation reports an educational exercise and has no purpose or validity beyond this 
exercise. The sole purpose of the course pair entitles “Research Project” is to contribute to 
the overall education within the student’s chosen degree program. This document, the 
associated hardware, software, drawings, and any other material set out in the associated 
appendices should not be used for any other purpose: if they are so used, it is entirely at the 

















 I certify that the ideas, designs and experimental work, results, analyses and conclusions set 
out in this dissertation are entirely my own effort, except where otherwise indicated and 
acknowledged. 
I further certify that the work is original and has not been previously submitted for 
assessment in any other course or institution, except where specifically stated. 
 
 
Dylan Craig Daley 



















I would like to acknowledge and thank Professor Andreas Nataatmadja for his constructive 
feedback and supervision throughout the project. Without his help this project would not 
have been possible. I would also like to thank Daniel Eising and Piumika Ariyadasa for their 
assistance with the laboratory work and technical guidance. Lastly and most importantly I 
would like to thank my partner Abigail for her support throughout the course of this degree.  
         
          D.Daley 
 

















Limitations of Use ................................................................................................................. 3 
Certification .......................................................................................................................... 4 
Acknowledgements ............................................................................................................... 5 
List of Tables ......................................................................................................................... 9 
List of Figures ...................................................................................................................... 10 
CHAPTER 1 .......................................................................................................................... 12 
INTRODUCTION ................................................................................................................... 12 
1.1 Background ............................................................................................................... 12 
1.2 Problem ..................................................................................................................... 13 
1.3 Project Aim ................................................................................................................ 13 
1.4 Project Objectives ...................................................................................................... 13 
1.5 Scope ........................................................................................................................ 17 
1.6 Limitations................................................................................................................. 18 
1.7 Dissertation Structure ................................................................................................ 18 
Chapter 2 ............................................................................................................................ 20 
Literature Review ................................................................................................................ 20 
2.1 Introduction .............................................................................................................. 20 
2.2 Problem with Expansive soils ..................................................................................... 20 
2.3 Clay Minerology ......................................................................................................... 21 
2.4 Soil Classification ....................................................................................................... 22 
2.4.1 USCS classification system................................................................................... 23 
2.4.2 AASHTO classification system.............................................................................. 24 
2.5 Characteristics that predict Shrink-swell potential ..................................................... 25 
2.5.1 Environmental Factors ........................................................................................ 26 
2.5.2 Soil characteristics .............................................................................................. 26 
2.5.3 State of Stress ..................................................................................................... 27 
2.6 Strength testing ......................................................................................................... 28 
2.7 Common stabilisation methods ................................................................................. 30 
2.7.1 Lime and cement ................................................................................................ 30 
2.7.2 Fly ash ................................................................................................................ 33 
2.7.3 Alkali-Activated Fly Ash ....................................................................................... 35 
2.8 The process of Geopolymerisation ............................................................................. 36 
2.9 Fly Ash and Alkali Ratios ............................................................................................ 38 
7 
 
2.10 Gaps in Knowledge .................................................................................................. 40 
2.11 Summary ................................................................................................................. 41 
CHAPTER 3 .......................................................................................................................... 43 
METHODOLOGY .................................................................................................................. 43 
3.1 Introduction .............................................................................................................. 43 
3.2 Location of Samples ................................................................................................... 43 
3.3 Collection of Samples ................................................................................................ 45 
3.4 Laboratory Testing of Untreated Samples .................................................................. 45 
3.4.1 Determination of In-Situ Moisture Content ......................................................... 46 
3.4.2 Particle Size Analysis ........................................................................................... 46 
3.4.3 Liquid Limit Testing ............................................................................................. 46 
3.4.4 Plastic Limit Testing ............................................................................................ 48 
3.4.5 Plasticity Index .................................................................................................... 48 
3.4.6 Linear Shrinkage ................................................................................................. 48 
3.4.7 Optimum Moisture Content and Maximum Dry Density ...................................... 49 
3.4.8 California Bearing Ratio Test ............................................................................... 50 
3.4.9 Uniaxial Compression Testing ............................................................................. 51 
3.4.10 Free Swell Testing ............................................................................................. 52 
3.5 Treatment and Testing of Soil .................................................................................... 53 
3.6 Cost Benefit Analysis ................................................................................................. 55 
3.7 Laboratory Safety ...................................................................................................... 55 
CHAPTER 4 .......................................................................................................................... 58 
RESULTS .............................................................................................................................. 58 
4.1 Introduction .............................................................................................................. 58 
4.2 In-Situ Moisture Content ........................................................................................... 58 
4.3 Particle Size Distribution ............................................................................................ 58 
4.4 Liquid Limit Testing .................................................................................................... 59 
4.5 Plastic Limit Testing ................................................................................................... 60 
4.6 Linear Shrinkage Limit................................................................................................ 61 
4.7 Maximum Dry Density/Optimum Moisture Content................................................... 62 
4.8 California Bearing Ratio ............................................................................................. 63 
4.9 Uniaxial Compressive Strength Testing ...................................................................... 66 
4.10 Free Swell Index Testing .......................................................................................... 69 
Chapter 5 ............................................................................................................................ 70 
Pavement Design ................................................................................................................ 70 
5.1 Introduction ......................................................................................................... 70 
8 
 
5.2 Lightly Trafficked Roads ............................................................................................. 71 
5.2.1 Non-Stabilised subgrade ..................................................................................... 73 
5.2.2 Geopolymer stabilised subgrade ......................................................................... 75 
5.3 Unsealed Pavement ................................................................................................... 76 
5.3.1 Lime Stabilised Unsealed Pavement Design ......................................................... 77 
5.3.2 Geopolymer Stabilised Unsealed  Pavement ....................................................... 79 
5.4 Heavy Duty Pavements .............................................................................................. 80 
5.4.1 Unstabilised Subgrade ........................................................................................ 82 
5.4.2 Fly Ash Geopolymer Stabilised Heavy Duty pavement ......................................... 84 
CHAPTER 6 .......................................................................................................................... 87 
DISCUSSION ........................................................................................................................ 87 
6.1 Atterberg Limits ................................................................................................... 87 
6.2 California Bearing ratio .............................................................................................. 88 
6.3 Unconfined Compressive Strength ............................................................................. 89 
6.4 Pavement Design Comparison ................................................................................... 90 
6.4.1 Lightly Trafficked Pavement ................................................................................ 90 
6.4.2 Unsealed Pavement ............................................................................................ 90 
6.4.3 Heavy Duty Pavement ......................................................................................... 91 
6.5 Cost Benefit Analysis ................................................................................................. 91 
6.5 Project Specification .................................................................................................. 92 
CHAPTER 6 .......................................................................................................................... 94 
CONCLUSION ...................................................................................................................... 94 
6.1 Conclusion ................................................................................................................. 94 
6.2 Further Work ............................................................................................................. 96 
References .......................................................................................................................... 98 
Appendix A -Project Specification .................................................................................. 102 
Appendix B – Risk Assessment ....................................................................................... 104 
Appendix C- Laboratory Worksheets ............................................................................. 106 
Appendix D -Raw LoadTrac 2 Data ................................................................................. 111 
Fly Ash Geopolymer Treated CBR test results............................................................. 111 
UCS Testing for Untreated Soil ................................................................................... 113 
UCS Testing for Fly Ash Geopolymer Treated Soil ....................................................... 114 
Appendix D- Circly Output Files ..................................................................................... 115 
Heavy Duty Unstabilised Pavement ........................................................................... 115 




List of Tables 
Table 1- Binder type selection (Austroads 2019) .................................................................. 31 
Table 2-Lime comparison chart (Austroads 2019) ................................................................ 32 
Table 3- Specifications for standard compaction (AS1289 2019) .......................................... 50 
Table 4- Specifications for standard compactions (AS1289 2019) ........................................ 52 
Table 5- Risk assessment matrix (USQ 2019)........................................................................ 56 
Table 6- Liquid limit testing results (Author 2019) ............................................................... 59 
Table 7- Binder selection chart (Austroads 2019) ................................................................. 71 
Table 8-Minimum cover for adoptive CBR (TMR 2018) ........................................................ 82 




List of Figures 
Figure 1- Cracking in Black Cotton Soil, (Kwan 2018) ............................................................ 12 
Figure 2-Cracking in pavement from swelling clay (Geoengineer.org 2018) ......................... 17 
Figure 3- Pavement cracking due to expansive soil (Author 2019)........................................ 18 
Figure 4-Cracking due to expansive soil Marburg QLD, (Author 2019) .................................. 21 
Figure 5- Clay Structures (Das 2006) .................................................................................... 22 
Figure 6-USDA classification chart (USDA 2019) ................................................................... 23 
Figure 7-USCS Classification chart (Das 2006) ...................................................................... 24 
Figure 8-AASHTO Classification chart (Das 2006) ................................................................. 25 
Figure 9- UCS(left) and CBR(right) testing machines- VJ tech (2019) .................................... 29 
Figure 10-Subgrade treatment options (Austroads 2019) .................................................... 31 
Figure 11- A soil stabiliser applying lime (Wirtgen 2019) ...................................................... 33 
Figure 12-Bentz 2014 .......................................................................................................... 34 
Figure 13- The geopolymerisation process (Yun-Ming 2016) ................................................ 36 
Figure 14- Molecular view of polymerisation (Yun-Ming 2016) ............................................ 37 
Figure 15- Geopolymer ratio results (Murmu 2018) ............................................................. 38 
Figure 16- CBR with fly ash content (Murmu 2018) .............................................................. 39 
Figure 17- Soil types in Ipswich (ICC 2016) ........................................................................... 43 
Figure 18-Location of Sample, Google Earth (2019) ............................................................. 44 
Figure 19- Casagrande bowl liquid limit test (Author 2019).................................................. 47 
Figure 20- Zeroing dial gauge for swell reading (Author 2019) ............................................. 51 
Figure 21- Free swell test (Author 2019) .............................................................................. 53 
Figure 22- Clay sample before and after addition of fly ash (Author 2019) ........................... 54 
Figure 23- Atterberg limit results (Author 2019) .................................................................. 60 
Figure 24-Linear shrinkage comparison ............................................................................... 61 
Figure 25- Untreated MDD and OMC ................................................................................... 62 
Figure 26- MDD and OMC of treated soil ............................................................................. 63 
Figure 27- CBR of untreated soil (Author 2019) ................................................................... 64 
Figure 28- CBR testing of fly ash geopolymer treated samples (Author 2019) ...................... 65 
Figure 29- CBR of fly ash treated samples (Author 2019) ..................................................... 65 
Figure 30- UCS chart for untreated soil (Author 2019) ......................................................... 66 
Figure 31- Plastic failure of untreated sample (Author 2019) ............................................... 66 
Figure 32-Brittle failure of fly ash treated samples (Author 2019) ........................................ 67 
11 
 
Figure 33-UCS of treated sample ......................................................................................... 68 
Figure 34- Brittle failure of all three fly ash treated samples (Author 2019) ......................... 68 
Figure 35- Design chart for lightly trafficked roads (Austroads 2018) ................................... 73 
Figure 36- Pavement design for non-stabilised low traffic road (Author 2019) ..................... 74 
Figure 37- Fly ash geopolymer stabilised low traffic road (Author 2019) .............................. 76 
Figure 38- Unsealed road design chart (Austroads 2019) ..................................................... 78 
Figure 39- Lime stabilised unsealed road design (Author 2019) ........................................... 79 
Figure 40- Fly ash geopolymer stabilised unsealed pavement design (Author 2019) ............ 80 
Figure 41- Minimum cover for expansive soils (TMR 2018) .................................................. 82 
Figure 42-Circly design output (Author 2019) ...................................................................... 83 
Figure 43- Unstabilised heavy duty pavement (Author 2019) ............................................... 84 
Figure 44- Circly output (Author 2019) ................................................................................ 85 








Expansive soils are soils in which there is a large amount of variation in the volume of the 
soil as the moisture level changes. These soils shrink as the moisture levels decrease and 
swell as the moisture level increases. Their deformation usually exceeds elastic limits and 
therefore cannot be accurately predicted (Nelson & Miller 1992). This large, unpredictable 
swelling and shrinking often causes cracks and damage to the pavement, foundations or 
structures constructed over the soil. Expansive soils have been a problem for many years 
around the world with countries like Australia, New Zealand, India, USA, UK, South Africa 
and China spending large amounts of money and time fixing problems caused by expansive 
soils. Anusha and Ramakrishna (2016) highlight that the annual cost of damage to structures 
by expansive soils is estimated to be 150 million pounds in the UK and upwards of $1 Billion 
in the United states. This makes damage to structures from expansive soils second only to 
insect damage in the US, Anusha and Ramakrishna (2016). Floods, hurricanes and fire often 
capture the attention of governments and the general population due to their destructive 
power although expansive soils pose a far greater risk to infrastructure.  
 
 





Expansive soils pose many difficulties for governments, engineers, customers and residents. 
The unpredictability of expansive soils can result in premature degradation, cracking and 
excessive maintenance of pavements and structures built on them. Pipelines built through 
expansive soils may leak or burst and downtime or repairs can be very costly. The main 
problem with expansive soils is the large shrink and swell of the soil with a change in water 
content. Because this change drastically exceeds the elastic limits it can be impossible to 
predict. Expansive clays are frequently called ‘Black Cotton Soils’ As they have a dark, almost 
black appearance. These soils are a Montmorillonite group, which have a high potential for 
shrink swell. Stabilisation of these soils can be difficult, and require time, machinery and cost 
to remedy. In order to remediate these soils effectively a solution needs to be found that is 
cheaper and easier to apply. These soils are common in South East Queensland and there 
has been considerable interest in the potential for Fly Ash based geopolymers to stabilise 
these soils. Fly Ash is a viable solution as there are many coal fired power plants in Australia 
to source the waste material from, thus diverting it from landfill and disposal.  
 
1.3 Project Aim 
The broad aim of this project is ‘To investigate the possibility of using geopolymers 
containing sodium silicate and sodium hydroxide to reduce the shrink-swell variation in 
expansive clay soils in the South East Queensland region and its use to stabilise the 
foundations of existing structures’. 
 
1.4 Project Objectives 
As per the project specification the specific objectives of the project are.  
• Research information relating to the use of geopolymers for geotechnical 
stabilisation, geotechnical characteristics of expansive soils, appropriate testing 
procedures and contemporary stabilisation methods 




• To determine the most effective and reliable preliminary test regime for confirming 
the soils chosen to meet the criteria for expansive soils  
• Identify 1-2 locations likely to be suitable for testing. If soil tests are available use 
those, if not conduct preliminary soil tests to identify suitability for testing.  
• Identify best geopolymer ratio and solution for testing, using past research results. 
• Decide on appropriate testing procedures for samples using Australian Standards 
and past research. 
• Prepare soil and samples in accordance with relevant Australian Standards and 
conduct testing on samples to gather data on stabilisation potential.  
• Analyse test results and compare with current stabilisation methods for expansive 
soils. 
• Determine on whether geopolymer stabilisation could be useful in stabilizing 
foundations of existing structures in South East Queensland. 
If time permits the project will investigate application methods for this type of geopolymer 
stabilisation and attempt to make determinations on whether this can be used for both 
stabilisation of greenfield sites and for existing structures.  
Objective one 
‘Research information relating to the use of geopolymers for geotechnical 
stabilisation, geotechnical characteristics of expansive soils, appropriate testing 
procedures and contemporary stabilisation methods’ 
Research has been conducted from a variety of resources- Hardcopy textbooks and 
geotechnical manuals, online academic journals, articles, conference papers and eBooks. 
Most research papers have been accessed through USQ’s academic portal, thus ensuring 
that high quality resources have been used. The research conducted so far focuses primarily 
on recently published works, which ensures that the most up to date and industry standard 
techniques are used.  
Objective two 
‘To determine the most reliable methods for identifying expansive soils in a field 
environment’ 
The author has conducted research of various textbooks, standards and academic papers 
and online resources in order to determine the most reliable test methods for identifying 
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expansive soils in the field. Field identification is important as it gives a starting point for the 
geotechnical engineer or soil technician to narrow down what tests will be needed and can 
save a lot of time and expense by eliminating unnecessary laboratory tests. Considering soil 
types can vary dramatically from location to location, I have also consulted a local soil testing 
company and sought advice as to the most effective testing methods for the Ipswich region.  
Objective three 
‘To determine the most effective and reliable preliminary test regime for 
confirming the soils chosen meet the criteria for expansive soils ‘ 
Textbooks, academic papers, journals and USQ Library resources were accessed to evaluate 
the most effective methods for testing the characteristics that best identify expansive soils. 
This was important as expansive soils have a number of engineering characteristics that can 
predict shrink-swell variation and ensuring that the right tests are conducted with detailed, 
correct procedures ensures the technical integrity of the experiments. These preliminary 
tests will give the base properties necessary to check whether the geopolymer stabilisation 
has been successful, and to what extent. Additional advice was sought from USQ technical 
staff and the project supervisor. 
Objective four 
‘Identify 1-2 locations likely to be suitable for testing. If soil tests are available use 
those, if not conduct preliminary soil tests to identify suitability for testing.’ 
To do this, Ipswich City Council were approached for documentation and maps with soil 
types. A suitable location was found and soil test results for that location were requested 
from a local soil testing company. The company provided test results for the location that 
confirmed that the soil on the site was of highly expansive clays and suitable for the needs of 
the experiments. A location has been identified that may be affected by expansive soils, 
although this has not been confirmed by laboratory tests, the soils behaviour is consistent 
with that of expansive clay, so the soil will be tested to see if it meets the classification for 
expansive clays. The author considered it important to find two sites, one with documented 
oil properties aligning with expansive soils, and another undocumented site. This gave the 
author the opportunity to identify expansive soils in the field and test whether these 
observations were correct. In the event that the observed soil does not meet the 
classifications for expansive soils it means that at least one soil will be useful for 
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polymerisation testing. If both meet the requirements, there is the advantage of having 
more data to substantiate the effects of treatment.  
Objective Five 
‘Identify best geopolymer ratio and solution for testing, using past research 
results’ 
Recent research was the most effective place to search for this information, as the field of 
geopolymer stabilisation relatively recent. Online journal articles, conference papers and 
dissertations were used. It was important to find the best ratio of geopolymer to activator 
solution, as well as the best geopolymer to soil ratio as the properties that make stabilisation 
attractive such as strength and affordability can be negatively impacted by the incorrect 
ratios. Many papers on the subject insist that the activator solution must be highly alkaline, 
molar concentrations in the 10-15 range. This highly concentrated alkaline solution does 
provide an excellent environment for polymerisation to occur, but also creates safety issues 
and increases the cost. Papers were found that reported negligible loss of strength and 
bearing capacity with molar concentrations of Sodium Hydroxide around the 5 MOL range. 
This substantially decreases the safety risk and cost of stabilisation. 
Objective Six 
‘Decide on appropriate testing procedures for samples using Australian Standards 
and past research’ 
Research for this objective primarily focused on relevant Australian Standards and codes. 
With the characteristics that best predict the soils potential for activity already identified the 
approved tests that show these had to be found. The Australian Standards AS1289 series of 
tests provided detailed and accurate procedures for the preparation and testing of the 
samples. It is important to have a well-documented, approved method of testing to ensure 
that the results obtained are as accurate as possible and give the best results.  
Objective seven 
‘Prepare soil and samples in accordance with relevant Australian Standards and 
conduct testing on samples to gather data on stabilisation potential.’ 
During this project, there was a strict adherence to the relevant Australian Standards, and all 
tests were conducted with integrity, under the routine supervision of USQ laboratory staff. 




‘Analyse test results and compare with current stabilisation methods for expansive 
soils.’ 
The results obtained from testing were compared with results from similar research 
conducted. These results were then compared to performance characteristics obtained from 
other stabilisation methods to determine if alkali activated geopolymer stabilisation is as 
effective as other methods. 
 
 
Figure 2-Cracking in pavement from swelling clay (Geoengineer.org 2018) 
 
1.5 Scope 
This project will focus on determining whether fly ash based geopolymers can provide an 
adequate increase in the performance of expansive soils in the Ipswich region. The project 
will first determine the test procedures that best identify expansive soils and then decide on 
the best way to treat the soil. The scope for the treatment will determine ratios and 
quantities of treatment materials and necessary curing times. There will be control tests run 
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on untreated samples to determine the in-situ condition of the soil as well as repeating the 
tests on treated samples to determine the amount of improvement, if any.  
 
 
Figure 3- Pavement cracking due to expansive soil (Author 2019) 
 
1.6 Limitations  
This project will be limited in scale, with only laboratory tests being conducted on the 
samples. In field testing and test structures will not be able to be conducted due to both 
time and budgetary restraints. The project is also limited by the test equipment available in 
the USQ geomechanics laboratory.  
 
1.7 Dissertation Structure 
In chapter two, the literature review presents the findings of the research conducted into 
expansive soils. This is broken up into five main parts. Firstly, the impact of expansive soils is 
examined, and methods of identifying expansive soils in the field. The properties and 
characteristics that determine how expansive a soil is are investigated, as well as the testing 
methods available to measure these properties. Finally, current stabilisation methods are 
explored and the effectiveness of these is examined.  
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Chapter three will outline the methodology chosen for conducting laboratory tests and 
explain the steps taken to ensure that the experiments were conducted in a way to ensure 
accuracy and reliability of results. 
Chapter four presents the results of the experiments conducted. The results will be 
presented as a series of tables and graphs of the raw data collected during experimentation.  
Chapter five will present pavement designs for three different roads, a lightly trafficked 
road, unsealed road and a heavy-duty road. Each of these applications  will be designed 
using the relevant Austroads guide. Each application will have two designs, one using 
traditional stabilisation techniques, and another using geopolymer stabilisation. 
Chapter six will analyse and discuss the results obtained during the research and compares it 
to information found in the literature review. The potential application for fly ash 
geopolymer stabilisation when using Austroads guides will be evaluated. 
Chapter seven evaluates how well the project met the aims and objectives set out in the 




















The literature review conducted to determine what has been discovered about the 
stabilisation of expansive soil from other researchers and clarify the objectives of my 
research. The literature review started with the problems that expansive soils can pose for 
structures and pavements. The individual properties that contribute to a soils expansiveness 
and instability were examined to determine which were most important factors. The 
commonly used field test and sampling methods have been examined so a suitable 
preliminary test schedule can be developed. Various stabilisation methods were examined 
to gain a better understanding of what mechanisms they used to achieve stabilisation. The 
chemical reactions behind the geopolymerisation processes were studied so that the 
process could be better understood. The geopolymer stabilisation research focused on 
determining optimum geopolymer to activator ratios as well as total fly ash content. 
Information for curing times and sample preparation were examined and coupled with 
appropriate testing methods. The results obtained from other research was noted to give a 
benchmark on results that could be obtained if the experiments are successful.  
 
2.2 Problem with Expansive soils   
Nelson and Miller(1992) Described expansive soils as soils that shrink and expand 
dramatically with a change in their moisture content. This large variation in shrink and swell 
can cause huge amounts of damage to structures and pavements built on these soils. Nelson 
and Miller note that the difficulty with expansive soils lies in the fact that the deformations 
can be significantly greater than elastic deformation, which means that they cannot be 
accurately predicted using traditional elastic theory methods. Along with the swelling of soil 




Figure 4-Cracking due to expansive soil Marburg QLD, (Author 2019) 
 
2.3 Clay Minerology 
Expansive soils typically belong to the Montmorillonite group of clays. Clay soils are made up 
of two distinct units, an alumina octahedron and a silica tetrahedron. These silica 
tetrahedrons form crystalline silica sheets and the alumina octahedrons form what is known 
as a gibbsite sheet (Das 2006). Das also explains that in some clays the alumina is replaced 
by magnesium, which then forms brucite sheets, with the same crystalline structure as the 
gibbsite sheets. In montmorillonite clays the gibbsite sheet is in the middle of two silica 
sheets, with isomorphous substitution occurring in the gibbsite sheet, where the aluminium 
atom is replaced with magnesium or iron. Illite clays have this same silica-gibbsite-silica 
layered structure, with potassium ions bounding the silica layers together. In 
montmorillonite clays these potassium ions are not present and large quantities of water is 




Figure 5- Clay Structures (Das 2006) 
 
 All clay particles carry a negative charge on their surfaces, and Das(2006)  went on to 
explain that when clay is dry the negative charges are balanced by cations such as 
Mg2+,Na+,K+ and Ca2+. When the clay becomes wet these cations float around the surface of 
the clay particle in what is known as a diffuse double layer. Water is a dipole, which means 
that it has a positive charge at one end and a negative charge at the other. In the case of clay 
particles this means that the water is attracted to both the positively charged cations in the 
diffuse double layer and the negatively charged surface of the clay particle. In 
montmorillonite clays the particles have a huge surface area as the particles are thin, flaky 
plates. This large surface area to volume ratio means that montmorillonite needs a huge 
amount of water between each particle to balance the large negative charges on its surface. 
This water around the clay particles is what gives clay its plastic properties, and in turn 
causes the dramatic loss of bearing capacity in expansive soils (Das 2006).  
 
2.4 Soil Classification 
There are two primary soil classification systems as noted by Das (2006), the Unified Soil 
Classification System (USCS) and the American Association of State highway and 
Transportation Officials (AASHTO). Both classification systems rely on plasticity (liquid limits 
and plastic limits) and texture (grain size). These two standards are important from an 
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engineering perspective as earlier texture-based standards were only suitable for 
agricultural purposes and failed to consider the quantity and type of clay-based minerals 
present in fine grained soils. These mineral compositions are responsible for a great deal of a 
soil’s physical properties (Das 2006).  
 
 
Figure 6-USDA classification chart (USDA 2019) 
 
2.4.1 USCS classification system 
The USCS system classifies soils into two broad categories, coarse grained soils and fine-
grained soils. Fine grained soils are those where 50% or more passes through the No 200 
sieve. The USCS makes an allowance for organic and inorganic silts and clays. Fine grained 
soils are either classified as 
• M- Inorganic silts 
• C- Inorganic clays 




Figure 7-USCS Classification chart (Das 2006) 
 
After the gain size distribution is complete the Atterberg limit results are used to further 
classify the soil. It is either classified ‘L’ for low plasticity (LL<50%), or ‘H’ for high plasticity 
(>50%). The fact that the USCS system makes an allowance for organic fines is important for 
the study of expansive soils because soils with a high level of organic matter tend to not 
behave expansively compared to montmorillonite clays.  
 
2.4.2 AASHTO classification system 
The AASHTO also categorises soils into fine grained and coarse-grained soils, although a soil 
is considered fine grained if 35% or more passes through the No 200 sieve. Just like the USCS 
system the Atterberg limits are determined after particle size is found. Das (2006) noted that 
a coarse-grained soil that has about 35% fine grains behaved like a fine-grained soil and this 
is because the fine grains fill the voids between the coarse ones and keeps them apart. It is 
for this reason that Das (2006) stated that the AASHTO is a better engineering classification 
system for soils with a fines percentage of 35%-50%.  
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Although the AASHTO system better classifies the fine-grained soils between 35%-50%, the 
fact that the USCS has categories is perhaps of more importance to studies in expansive 
soils, as the high level of organics can skew classifications.  
 
 
Figure 8-AASHTO Classification chart (Das 2006) 
 
2.5 Characteristics that predict Shrink-swell potential 
As Nelson and Miller (1992) noted, the behaviour of expansive soils is a complex subject and 
there can be many causes of movement, all of which can be broken down into three main 
categories. 
Environmental factors 
• Conditions in the environment around the site which influence the soil, such as 
groundwater, drainage, temperature, vegetation, climate.  
Soil characteristics  
• the physical qualities of the soil itself such as, grain size distribution, mineral 
composition, organic content etc.  
State of Stress 
• The loadings, both past and present that have contributed to the soil’s 
consolidation, in-situ conditions, loading and soil profile.  
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2.5.1 Environmental Factors 
Environmental factors are one of the most important factors to consider when dealing with 
expansive soils. This is because unlike soil characteristics and stress states, the 
environmental factors can be controlled to an extent relatively simply and cheaply.  The 
characteristics of the soil determine the swelling capacity with moisture content so by 
controlling the moisture available to the soil it is not given the opportunity to change in 
volume. Due to the moisture content of an expansive soil being the cause of its expansion 
and contraction, controlling the amount of soil moisture can limit the degree to which the 
soil volume changes, allowing a degree of reliability to its expected behaviour. Nelson and 
Miller (1992) list some important environmental factors as Climate, Groundwater, Drainage 
and man-made water sources, vegetation, temperature and climatic variations. All these 
factors control the moisture level in expansive soils. Moisture levels for some sites can be 
kept at a relatively stable rate with proper attention to drainage and other factors. Snethan 
et al (1977) studied the 17 published indicators for expansive soil and placed environmental 
factors as important as a soil’s liquid limit and plasticity index.  
 
2.5.2 Soil characteristics 
Although there are stabilisation standards available for both granular and cohesive soils, 
Khan (2016) explains that there is no stabilisation standard available for soils with a plasticity 
index greater than 35. This is because there have been several studies that have shown that 
soils with a high plasticity index will have a high swelling potential. Chen (1988) classifies 
soils with a plasticity index greater than 35 as those with a very high swelling potential.  
Das (2006) confirmed that the plasticity index is extensively used for classifying expansive 
soils and should always be determined. He goes on to state that the two most important 
indicators of swell potential are the liquid limit and plasticity index. 
Nelson and Miller (1992) noted that the grain size distribution, clay content and plasticity 
are all reliable indicators for identifying expansive soil. They mentioned that commonly the 
Atterberg limits and clay content results are combined to a single parameter called ‘Activity’. 
Further to this Seed et al (1962) developed a chart based on activity and % clay sizes.  
Skempton (1953) conducted research which observed that the plasticity index of a soil 
increased at a linear rate with the percentage of clay particles (<2µm). It was this 
observation which led him to coin the term ‘Activity’, which is defined as the slope of the 
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line correlating plasticity index and percentage finer than 2µm (Das 2006). Altmeyer (1955) 
recommended the elimination of the percent clay testing as many laboratories were not 
equipped with hydrometer testing equipment at the time. In place of this he suggested 
finding the shrinkage limit or linear shrinkage value. Snethen et al (1977) evaluated 17 of the 
published criteria for predicting swell and concluded that the Liquid Limit and Plasticity index 
are the best indicators, along with the soils natural condition and environment. 
There has been considerable difficulty in deciding which attributes are the best indicators of 
swell potential but the two tests that return the most consistent results were found to be 
the liquid limit and the Plasticity index. 
Thomas, Baker and Zelazny (2000) stated that there have been many studies conducted to 
find the best indicators of shrink swell potential but there still has not been a test method 
developed which can accurately determine this potential. During their research they 
conducted particle size distribution, Cation exchange capacity, Atterberg Limits and 
potential volume change testing. The results of this testing showed that plasticity index was 
a poor indicator of shrink-swell capacity and that cation exchange capacity and liquid limit 
were the best indicators of shrink-swell. Quite often, easy to conduct field tests are the 
preferred method for geotechnical engineers to identify problematic soils and it more 
complex laboratory testing such as CEC and hydrometer analysis may not be done unless it is 
a large project, or the soil is thought to be particularly problematic.  
Nelson and Miller (1992), concluded that although many of these procedures can be reliable 
at times for identifying expansive soils, there are such a large number of potential causes for 
soil activity that even a well-considered approach may not provide reliable predictions. They 
go on to note that the best indicator of soil expansiveness is generally past observations in 
the local area, and that an engineer should use local knowledge of the soils for projects and 
not rigidly adhere to standards that may not be best suited for local conditions.  
It is for these reasons that preliminary tests for identifying the properties of the test soils will 
comprise of wet and dry sieving to determine particle size, the determination of the 
Atterberg Limits using the Casagrande bowl apparatus to find the liquid limit and the 
determination of plastic limits using the standard procedure listed in AS 1289. The linear 
shrinkage tests will also be conducted to give a better indication of improvements after 
treatment. 
2.5.3 State of Stress 
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Nelson and Miller (1992) Noted that the volume change is directly related to the change in 
the state of stress of a soil. The effective stress of a saturated soil is a combination of total 
stress minus the pore water pressure. The in-situ state of the soil must be considered, for 
example an over consolidated soil is more prone to expansion. Excavated soils can 
experience heave as the reduction in stress means more water can be absorbed. This is also 
true in unsaturated soils. The construction of a pavement or structure over expansive soil 
can change both the consolidation and moisture content of the surrounding soil, so changed 
in the soil’s behaviour must be accounted for. This change on behaviour can be mitigated to 
an extent by the installation of adequate drainage or landscaping close to the structure. 
 
2.6 Strength testing 
The preliminary testing already outlined is useful for determining the properties exhibited by 
expansive soils. These properties are useful for predicting and measuring the expansivity of a 
soil. Although these are important, the strength and bearing capacity of the soil is what is 
important when determining if the soil is suitable for a structure of pavement to be built on 
it. There are a number of strength tests available for soils and each test examines different 
failure modes for the soil. Some tests such as the California Bearing Ratio test the soil’s 
confined bearing capacity and is useful when designing pavements. Others such as the direct 
shear test are useful when determining the angle of friction between a soil and the material 
in which the foundation is constructed Das (2014). The suitability of each test to a particular 
application is determined by a number of factors including; 
• Type of soil (Cohesive of non-cohesive) 
• Expected in service moisture content (saturated or unsaturated) 
• Application (Pavement, foundation, pilings, etc) 
• Stress type (shear, compression, etc) 
The two most commonly used tests for evaluating the strength of soil in Australia are the 
Unconfined Compression Strength test (UCS) and the California Bearing Ratio (CBR). The UCS 
test is commonly used for clay specimens, Das (2014). The UCS directly tests the soil’s 
undrained shear strength. The Undrained shear strength is necessary for determining the 
bearing capacity of foundations, dams and pilings. The confining pressure during a UCS test 
is zero and thus is only suitable for cohesive soils. During the UCS test a cylindrical test 
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specimen is subjected to an axial load by a piston until failure occurs. The failure mode of 
the sample is recorded (shear or bulge), and the maximum load on the piston.  
 
Figure 9- UCS(left) and CBR(right) testing machines- VJ tech (2019) 
 
The California Bearing Ratio test is commonly used to determine the bearing capacity of 
subgrades and basecourses for road and pavements. The CBR test involves a compacted 
sample in a mould being subjected to a vertical loading by a piston in a testing machine. The 
load at certain penetration distances is measured and compared to that of a granular 
crushed rock. This result determines the relative strength of the sample. This test directly 
measures the pressure required to penetrate a soil sample with a piston of a known area.  
Auststab (2016) notes that when designing lime stabilised subgrades, there are three 
procedures currently used, these are  
• Austroads method using CBR and imperial design charts 
• CBR using CIRCLY ( a pavement design software) 
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• UCS, by Queensland Transport and Main Roads (QMTR) 
Although the CBR test is the most commonly used, due to how useful it is for pavement 
design, the UCS test is also useful as it gives an accurate shear test result. The shear test 
result is useful for virtually all applications, not just pavements. It is also one of the fastest 
and cheapest methods for determining shear strength. Because both of these test methods 
are used in Australia, and they show improvements in strength in two different methods it 
was determined that both test methods should be used. 
 
2.7 Common stabilisation methods 
2.7.1 Lime and cement 
 Currently the most common method of soil stabilisation in Australia is through the use of 
lime or cement. White (2010) noted that the addition of lime to soil stabilises through 
cementitious reactions, due to the lime reacting with natural Pozzolans in the clay.  The 
efficiency of this reaction can be negatively affected by factors in the soil such as high levels 
of organic carbon or a lack of natural pozzolans, Auststab (2012) describes the primary 
reaction of cement stabilisation in soils as one that occurs independently of the soil itself. 
That reaction is the hydration of the cementitious binder with the moisture in the soil. This 
reaction forms calcium silicate and aluminium hydrates. The secondary reaction occurs 
when natural pozzolans in the soil react with hydrated lime that is released during the initial 
reaction.  Unlike the primary reaction, this is a slow reaction and can take a number of 
weeks and depends on moisture levels and temperature. Auststab (2012) also confirms what 
White said, and the presence of sulphates and organic materials may slow or cease this 
reaction. This effect is something that needed to be considered during this project. Auststab 
(2012) noted that that best results from stabilisation with secondary stabilisation occurs 
with a ratio of one-part lime to two part fly ash. This is of course a cementitious reaction and 
not a geopolymer, although this could provide a useful starting point for evaluating the 
effectiveness of a geopolymer binder.  
The Austroads series of pavement design guides gives guidance on different methods of 
stabilisation used in Australian pavements. The primary goal of subgrade stabilisation is to 
improve the design CBR or modulus of the top of subgrade prior to the construction of the 
pavement (Austroads (2019). Austroads breaks down stabilisation techniques into pavement 
material treatments and subgrade treatments. Only subgrade treatments are applicable to 
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the research presented in this paper. Austroads (2019) notes that for subgrade treatment 
lime and cement have two very different uses.  
 
Figure 10-Subgrade treatment options (Austroads 2019) 
 
Austroads notes that lime stabilisation techniques are most commonly used to stabilise high 
plasticity soil. It goes on to mention that lime treatment improves the handling properties of 
cohesive soils, such as clays, this is primarily noticeable in the reduction of the soil’s 
plasticity, this reduction in plasticity also results in increases to CBR and strength modulus. If 
long term improvements to these characteristics are required Austroads (2019) 
recommends that a higher  





binder content be adopted. Table 2.4 of Austroads (2019) provides a guide of which 
stabilisation method should be employed based on the properties of the soil. Expansive soils 
usually have a plasticity index of greater than 20 and most clays have more than 25% passing 
the 75µm sieve. It can be seen from the table that cement, bitumen, granular and dry 
powder polymers are not suitable for stabilising these soils. Lime is the only option 
recommended by Austroads for stabilising expansive soils. Austroads lists the effects of lime 
stabilisation of subgrades as: 
• Increasing bearing capacity 
• Reducing plasticity and seasonal swell and shrinkage 
• Reducing moisture sensitivity 
• Improving compatibility 
• Reducing in situ moisture content to improve trafficability for construction.  
The stabilisation of expansive soils is primarily concerned with the first three points. Lime is 
available in two different forms, quicklime and hydrated lime. Quicklime has several 
advantages over hydrated lime in stabilising expansive soils. Austroads (2019) notes that 
quicklime is significantly cheaper per tonne than hydrated lime and has a higher available 
lime content per unit mass. (1.00-1.32). Quicklime is also significantly heavier than hydrated 
lime, so storage and transportation costs are less. Quicklime is effective at drying out moist 
soil, although requires additional water if the moisture content of the soil is low.  
 
Table 2-Lime comparison chart (Austroads 2019) 
 
 
In order to determine the lime content required to achieve long term strength gains, 
Austroads (2019) outlines the procedure for the Lime Demand Test. The test has two 
methods, one using UCS and another using the CBR test to gauge the effectiveness of 
treatment. When using the CBR method to determine the effective lime content the 
standard notes that the soaked swell should be recorded as well as the bearing capacity. The 
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lime content that achieves the required design CBR and swell reduction is then adopted for 
construction.  
Lime stabilisation for subgrades is usually achieved using machinery purpose built for 
stabiliser application. A soil stabiliser is a vehicle with a powered metal drum with rows of 
mixing blades that break up the subgrade and mix it with powdered binder and water. Some 
machines are capable of adequately mixing the subgrade with the binder in one pass, while 
others may require up to four passes, depending on the power of the machinery and the 
plasticity of the soil. The machinery is the same regardless of the powdered binder used, so 
the same machine can be used for lime or cement stabilisation.  
 
 
Figure 11- A soil stabiliser applying lime (Wirtgen 2019) 
 
2.7.2 Fly ash  
Many treatment options for expansive soils have been trialled with varying success rates. 
Traditional options include removal and replacement, prewetting, moisture barriers, 
surcharge loading and chemical stabilisation. Stabilisation methods that have proven useful 
in the past include, lime, cement, blast furnace slag, gypsum, rice husk and fly ash. As with 
all solutions there are trade-offs. Many chemical stabilisers such as fly ash, blast furnace slag 
and rice husks are waste products from other manufacturing processes. In the case of fly 
ash, it is produced during the combustion of coal to make electricity. Fly ash is collected by 
electrostatic precipitators before the flue gases escape the chimney. Fly ash is 
predominantly made up of silicon dioxide (SiO2), aluminium oxide (AlO3) and calcium oxide 
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(CaO), Anusha (2017). As fly ash is a waste material, there is an environmental benefit if it 
can be reclaimed and used for other purposes, as the carbon footprint is significantly lower. 
The world Business Council for Sustainable Development put the CO2 cost for a tonne of 
Portland cement at between 0.8-1.0 tonnes. This is compared to fly ash geopolymers, which 
have a CO2 cost between 0.2-0.4 tonnes.  
Fly ash comes in two recognised classes, class C and F. Class C fly ash is produced from 
burning younger, sub-bituminous coals. Class C fly ash usually contains greater than 20% 
lime (CaO), Anusha (2017). Because of the high lime content this type of fly ash is self-
cementing when in hydrated.  
 
 
Figure 12-Bentz 2014 
 
Class F fly ash is produced through the burning of older, harder anthracite and bituminous 
coal. The lime content of class F fly ash is less than 7%. Because of this low lime content, the 
fly ash is not self-cementing. Class F fly ash is classes as a pozzolan. Pozzolans are siliceous or 
aluminous materials which react with calcium hydroxide and water at room temperatures to 
form cementitious materials.  
Class F fly ash can also be made into a geopolymer through the use of a chemical activator. 
Sodium silicate is the most commonly used geopolymer. Geopolymers are described as 
ceramic materials formed of long covalently bonded amorphous networks. Geopolymer 
cements are capable of hardening at room temperatures and are becoming a viable 
alternative to Portland cement. This geopolymer reaction can potentially be used to improve 
the performance of expansive soils.  
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2.7.3 Alkali-Activated Fly Ash 
Alkali-activated fly ash stabilisation relies on a different mechanism to improve the 
properties of the soil. Black (2012) explains a geopolymer concrete as one that results from 
the reaction of a source material that is rich in silica and alumina with alkaline liquids. Class C 
fly ash, as discussed earlier, contains typically around 20% lime (CaO) and is therefore 
Cementous. Class F fly ash contains less than 7% lime and as a result is not cementitious, but 
a pozzolan. Khan (2018) stated that through a series of laboratory tests Class C fly ash 
geopolymer performed well for stabilizing highly expansive clay, although cement was still 
the best option purely from a performance perspective. Anusha (2017) confirmed this by 
conducting uniaxial compression tests with black cotton soil stabilised with varying ratios of 
fly ash to soil, both with and without an alkali activator. Curing times of 3,7 and 28 days 
were applied. The results showed that chemically activated samples achieved a strength 2.7 
times greater than a purely fly ash stabilised sample. They concluded that better results 
were achieved by reducing the activator/ash ratio, which while not only improving 
mechanical strength results, also improved the cost effectiveness of the process.  
Black (2012) conducted research into alkaline-activated class F fly ash mix processes and 
found that when the alkaline activator to fly ash ratio was increased beyond a certain point, 
there was a decrease in compressive strength of the geopolymer. He found this ratio to be in 
the region of 0.5-0.65. The experiments conducted by Black (2012) did not involve soil but 
purely testing the strength of the geopolymer exclusively.  
Murmu (2018) conducted a series of tests on the stabilisation of black cotton soil using class 
F fly ash, both with and without an alkali activator of sodium hydroxide. The soil samples 
were first tested for Atterberg limits and particle size distribution. The soil was then 
prepared with 5, 10, 15 and 20% fly ash by weight. The samples were put through uniaxial 
compression tests as well as soaked and unsoaked CBR tests, with a curing period ranging 
from 0 to 90 days. The results showed that the greatest strength increases came from 
samples treated with the alkali activator, and that soaked samples showed the largest 
increase in strength during CBR testing. This was hypothesised to be because of the 
additional gel formation available during soaking. This allowed the solution to geopolymerise 





2.8 The process of Geopolymerisation 
The geopolymerisation process differs considerably from a cementitious reaction. Yun-Ming 
(2016) notes that the term geopolymer was first used in 1982 by Davidovits. The ‘geo’ 
portion of the word was chosen to represent the inorganic aluminosilicate used in the 
reaction, which is always geologically based. Geopolymers consist of two parts, a solid 
Binding material and a liquid alkaline activator. The solid aluminosilicates are usually waste 
products such as fly ash, blast furnace slag or clays. The liquid activator solutions are made 
of soluble metal alkalis such as sodium hydroxide or potassium hydroxide. A soluble source 
of silicates such as sodium silicate is added to provide silicates for the polymerisation.  
 
 




The geopolymer reaction begins with the Dissolution of aluminosilicates in the alkaline 
activator Yun-Ming (2016). The Hydroxyl ions in the alkali reactant facilitates this dissolution. 
These dissolved silica and alumina ions then form a gel as they coagulate into organised 
structures. This first gel phase, as noted by Yun-Ming (2016) consists of structures with a 
high Al content. This first gel phase continues to react as water is expelled from the solution 
during the reaction towards what is called the second gel phase. This second phase contains 
more Si than Al. After the second gel phase the structures start to link together in the 
crystallisation phase. The process is quite complicated and as Yun-Ming (2016) notes, the 
steps occur almost simultaneously, and it is impossible to isolate the steps of the reaction in 
experimental studies.  
 
 









2.9 Fly Ash and Alkali Ratios 
One of the most important aspects of the project is deciding on the ratios of Soil to Fly Ash, 
and the ratio of activator to Sodium Silicate. There are a number of reasons for this, 
including  
• Strength Improvement 
• Monetary Cost  
• Difficulty of application  
• Carbon Cost  
In order for the geopolymer to be a viable solution for stabilizing expansive soils it must be a 
better alternative to other methods, such as cement or lime stabilisation. A literature review 
was undertaken to determine the correct ratios of fly ash to soil and sodium silicate to 
sodium hydroxide. The decision was made to determine these ratios via literature review 
rather than experimentation. This was due to the fact that there is substantial past research 
available on these ratios, giving a good level of reliability to the information provided. The 
other reason was that there was only a limited amount of testing that could be conducted in 
the time available. Each sample required several days curing time each time a moisture 
content was changed, as heavy clay has a very low permeability. The curing time for 
geopolymers also meant a substantial time between preparing and testing the samples. 
 
Figure 15- Geopolymer ratio results (Murmu 2018) 
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Murmu (2018) conducted a series of UCS and CBR tests on black cotton soil with varying 
ratios of soil to fly ash. Compared to other research, a much lower concentration of Sodium 
Hydroxide was used as an activator. They noted that the majority of research on alkali 
activated FA geopolymers focused on the use of high concentration (>10M) NaOH for 
strength development. Murmu (2018) noted that although the strength gains were 
substantial, the highly caustic nature of these concentrated solutions meant that they were 
uneconomical and unsafe to handle. It was for these reasons that Murmu (2018) used a 5M 
solution. They also noted that black cotton soils could be stabilised using 5%-20% FA to soil 
by weight. They concluded that FA geopolymer is effective at stabilising BCS even at low 
concentrations of NaO. They also found that the liquid limit and plastic limit improved with 
the addition of fly ash at ranges of 5%-20%. The key finding of the research was that the 
strength developed after 7 days curing was much higher than the minimum strength 
requirement for sub-base. This shows that suitable strength values can be obtained with 
lower concentrations of alkaline activators and fly ash, resulting in a cheaper and safer to 
apply treatment.  
 
 
Figure 16- CBR with fly ash content (Murmu 2018) 
 
Anusha (2017) used higher percentages of FA to soil , with 20%-40% FA by weight, with 
strength increasing with FA content. Although the strength increased, it was noted that it 
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was not linear, and the addition of 20% FA provided adequate strength improvements for 
most applications. They also noted that there was a strong dependency between activator to 
ash ratio and strength and found it was advantageous to reduce it, which in turn lowers the 
cost.   
Morsy et al (2014) Conducted research into the Effect of Sodium Silicate to Sodium 
Hydroxide Ratios on fly ash geopolymers. They experimented with ratios of Na2SiO3:NaOH 
between 0.5 and 2.5. They found that the compressive strength was at a maximum when 
the ratio was 1:1. The increase was sharp between 0.5 and 1.0, then dropped off at a slower 
rate between 1.0 and 2.5. Their experiments used a mixture of fly ash and sand, at a ratio of 
0.5. Although the strength of the 1.0 ratio was the highest after a 28 day curing time, it was 
noted that all other ratios had a higher initial strength gain. They attributed this slow gain in 
strength to the silica and alumina in the fly ash being dissolved in the alkaline activator 
solution, which accelerated the polymerisation process. Morsy et al (2014) also found that 
this gave a more gradual release of the silica during the reaction in the gel phase. They found 
that the increase in Na2SiO3:NaOH from 0.5 to 1.0 resulted in the increase of sodium in the 
mixture, which is important for the creation of geopolymers as it acts as charge balancing 
ions. They also noted that after the Na2SiO3:NaOH ratio increased beyond 1.0, the excess 
sodium slowed water evaporation and geopolymer structure formation.  
 
2.10 Gaps in Knowledge 
Soil stabilisation of expansive soils has been extensively studied, as the potential damage 
from underestimating their impact to pavements and structures can be devastating. There 
has been large amount of research into what causes a soil to be expansive and methods of 
controlling this volume change. Different methods have been trialled to alter the 
characteristics that causes these changes. Given that lime stabilisation is easily applied, and 
lime production is a heavily established industry, it has become the industry standard for 
stabilisation of these difficult soils. Lime stabilisation does have disadvantages, namely lime 
is a relatively expensive material when needed in large quantities. With the heavy focus on 
increasing the sustainability, the high carbon cost of lime and cement  production has 
become a concern for governments and industry. The production of electricity from coal has 
also resulted in a large amount of fly ash being produced as waste. There has been 
considerable research into potential uses for this waste product, and one of them is 
geopolymer cements and binders. 
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 The use of geopolymers to stabilise expansive soils has been researched in recent years, and 
promising results have been obtained. In Australia, there has not been much research done 
on fly ash geopolymer stabilisation and the national guidelines for pavement design are 
focused on traditional methods of stabilisation such as lime, cement and granular options. 
As there is no guidance on geopolymer stabilisation, Australian expansive soils should be 
tested to see if treatments are suitable from a technical perspective. If treatments are 
successful, pavements should be designed using geopolymer stabilisation instead of the 
methods outlined in the standards. This paper will examine the effects of geopolymer 
stabilisation in an expansive soil found in the South East Queensland region and design 
pavements for a variety of applications using the current Austroads standards. The viability 
in Australia of fly ash geopolymer stabilisation of expansive soils will be examined from a 
technical, practical and financial perspective.  
 
2.11 Summary 
The literature review provided a lot of information into the identification of expansive soils 
and their treatment options. The characteristics of expansive soils were explored and the 
best tests to identify them were found. It was found throughout the literature that the 
behaviour and identification of expansive soils can be hard to predict, with a huge number of 
variables finally dictating how a soil will behave. Given this, there are a couple of indicators 
that were found to be more representative than others. These were the following 
• Plasticity index  
• Liquid Limit 
The preliminary testing regime chosen will determine these properties. Changes in these 
properties will be noted after treatment as be used to examine whether the treatment was 
successful.  
This literature review also examined the treatment options available for expansive soils. By 
gaining an understanding of these practices, the effectiveness of the fly ash treatment could 
be properly evaluated. The performance of these options, as well as their respective costs 
and difficulty of application gave a greater understanding of the current state of stabilisation 
technique available. This information will be useful in determining if the alkali activated fly 
ash treatments will be practically viable.  
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The literature review also provided a large amount of information regarding the optimum 
mixtures for alkaline activators and fly ash to soil ratios. This was important information as it 
was vital to designing the most effective experiment with the time available for testing. It 
was important to balance the performance increases associated with polymerisation, while 
keeping the costs to a minimum. The literature indicated that good results could be obtained 
by using a 20% by weight Fly Ash to Soil Dry weight. It was important to determine the 
minimum amount of fly ash that would achieve a good result as costs would be reduced in 
the real-world application. Costs would be reduced via two mechanisms, the reduced 
amount of fly ash that needed to be purchased and also the reduced amount of original soil 
that would have to be removed to account for the addition of fly ash.  
There are design standards available in Australia that deal with the stabilisation of expansive 
soils for pavements. These standards outline various methods but lack any guide for 
stabilisation using geopolymers. Using these design guides, pavements should be designed 
using geopolymers, but following the performance indicators set when using other methods. 
This will ensure that the design process is as rigorous as other methods, and pavements built 
over these stabilised soils perform just as well over time.  
The research also indicted that although a highly concentrated alkaline activator solution 
does result in higher strength, the increase was not sufficient to warrant its use. Good 
strength increases were found with lower concentrations (5M) concentrations of Sodium 
Hydroxide. This lower concentration meant that costs could be further reduced, but more 
importantly, the risk associated with handling caustic materials could be reduced. This 
increased safety level was important not just for the project, but also in real world 
application of the technique. The safety consideration would be a limiting factor for many 
countries that place a high importance on Workplace Health and Safety (WH&S), such as 
Australia. The ratio of sodium silicate to sodium hydroxide was determined to be most 












This section will outline the methodology chosen for the laboratory testing. It will explain 
the collection and preparation of the initial soil and preliminary testing. The treatment 
method for the soil will be explained as well as tests for the treated samples.  
 
3.2 Location of Samples  
The sample soil was taken from an address in Marburg, a small township in the Ipswich City 
Council. The coordinates of the sample location were 27”33’46 South, 152”35’45 East. The 
elevation was 77m above sea level. The location was from an open park 50m from a 
floodway and natural creek. The site was chosen was well known to the author and 
presented with many symptoms of expansive soil. Nelson and Miller (1992) note that one of 
the most reliable methods of determining soil is through observation of the soil in its natural 
state and the effects on structures built on the soil.  
 





Figure 18-Location of Sample, Google Earth (2019) 
 
The soil was in a very dry state, with large cracks across the surface. On inserting a ruler into 
the cracks, some were found to be at least 50cm deep. The author also noted that the house 
built on the site has suffered extensive movement as the soil’s moisture content changes 
throughout the seasons. This movement has resulted in cracking of concrete slabs, 
movement of a masonry fireplace and the need for the house to be re levelled annually. The 
public infrastructure in the area also has noticeable damage from soil movement. Footpaths, 
guttering and roads are extensively cracked, and more worryingly, the local highway 
overpass recently had to be repaired after less than 20 years of operation. The repairs to the 
overpass were required due to moisture ingress around the foundations after cracking 
caused by soil expansion. According to the Ipswich city council the area is dominated by 
Vertosols, a type of cracking clay. This was consistent with the observations of the author. 
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3.3 Collection of Samples  
The samples were collected from the test site using a petrol-powered auger with varying 
flute sizes. The collection was performed in accordance with AS1289 1.2.1. The samples 
were taken from a depth of 200-800mm and during drilling the state of the soil was closely 
monitored to ensure that the soil type and condition was homogeneous and different layers 
were not collected in the same sample.  For the entirety of the sample depth, the soil was 
one layer. This layer was a hard, black and dense soil with no visible larger particles. During 
drilling the cut surfaces were smooth shiny and came off in flakes. There was difficulty in 
drilling the sample due to how hard and sticky it was, and great care had to be taken to 
ensure the auger did not get stuck. A total of approximately 40kg of soil was taken to ensure 
enough was available for testing and additional samples would not be required. This ensured 
that all soil used for testing would have the same in situ moisture content and condition. The 
collected soil was sealed in in airtight plastic containers to ensure the moisture content 
remained stable.  
 
3.4 Laboratory Testing of Untreated Samples 
The testing of the collected samples was conducted in the soil laboratory of the USQ 
Toowoomba campus. This laboratory contained all the necessary tools and equipment for 
the testing of samples to be conducted in accordance with the relevant Australian Standards 
or procedures. The tests to be conducted will include  
• Particle size analysis 
• Determination of moisture content 
• Liquid Limit 
• Plastic Limit 
• Plasticity Index 
• Linear Shrinkage 
• Optimum Moisture Content & Maximum Dry Density 
• California Bearing Ratio  





3.4.1 Determination of In-Situ Moisture Content 
The moisture content was determined by following the procedure outlined in AS 12892.1.1. 
Both the oven and microwave method were used to determine if both were accurate 
methods. For the oven method a sample was taken and dried in an oven not exceeding 55 
degrees Celsius. This lower temperature was to ensure that any delicate organics present did 
not breakdown. After the sample was dry it was then weighed. This process was repeated 
until the sample weight showed no further change. The moisture content was then 
calculated by taking the difference in the wet and dry soil and dividing that by the mass of 
the wet soil. The microwave method involved drying the sample in a microwave in two-
minute intervals and weighing the sample. This process was repeated until there was no 
further change in weight. The same calculation for moisture content as the oven drying 
method was then used to determine moisture content.  
 
3.4.2 Particle Size Analysis 
The preparation of samples for laboratory testing was conducted in accordance with AS 
1289.1.1, and the particle size analysis was conducted in accordance with AS 1289.3.6.1.  
The dried soil sample was sieved to determine particle size distribution. A 200g sample was 
analysed for particle size and 100% of the sample passed through the 2.36mm sieve. Due to 
the small particle size, wet sieving was used to further analyse the sample, as hydrometer 
analysis would have taken too long and the USQ Toowoomba labs did not have the 
equipment available to conduct the test. The wet sieving resulted with almost 100% of the 
sample passing the 425um sieve. According to AS 1289.1.1, if all the sample passes the 
425um sieve than the soil is suitable to be used in its natural state for all Atterberg limits, as 
well as all other testing required by this project.  
 
3.4.3 Liquid Limit Testing 
Determination of the liquid limit (LL) was conducted in accordance with AS 1289.3.1.1, using 
the four-point Casagrande method. Water was added to a 300g sample of soil and it was 
mixed with spatulas to ensure that the sample was a completely homogeneous mix. After 
the desired consistency was established the soil was cured for four days in an airtight 
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container. This curing time is established for clay samples to ensure that the moisture 
content is consistent throughout the entire sample.  
The Casagrande bowl liquid limit apparatus was first inspected for serviceability in 
accordance with the standard. The tip of the spatula was measured to ensure the tip was 
less than 2.0mm thick. A small pat of soil was put in the bowl at a depth less than 10mm and 
parallel to the base. A groove was cut into the sample with the spatula and the crank handle 
was turned to start knocking the bowl against the rubber base. The amount of turns it took 
to close the groove in a 10mm length was recorded for the sample.  
 
  
Figure 19- Casagrande bowl liquid limit test (Author 2019) 
 
The four-point test required four data points, evenly spaced between 40 and 15 blows, so 
water was added to the sample until grove closure occurred at 40 blows. The moisture 
content of that sample was determined and recorded. This was the starting point for the 
recording. Water was added to another sample from the cured soil and mixed until the 
consistency was adequate. The test was the repeated until the soil sample attained a 10mm 
groove closure with 32 blows of the apparatus. When this result was obtained twice in a row 
with no more than one blow change in result the moisture content was obtained for this 
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sample and the test was repeated. In order to obtain even spacing for the test, two more 
samples were taken, at 23 blows and 16 blows. The moisture contents at these points were 
calculated and recorded. With a complete data set the results were plotted on a semi-log 
graph, with the number of blows recorded on a logarithmic scale and the moisture recorded 
on a linear scale.  The moisture content for a groove closure of 25 blows was determined 
from the chart and this point was deemed to be the Liquid Limit (LL) of the sample. 
 
3.4.4 Plastic Limit Testing 
The plastic limit of the soil was determined in accordance with AS 1289.3.2.1. A small sample 
of cured soil (8g) was taken and rolled in the tester’s hands until small cracks appeared on its 
surface. This ball was then rolled on a frosted glass plate to form threads with a diameter of 
3mm. If the threads crumbled before reaching 3mm more water was added. If the threads 
formed threads with a diameter less than 3mm without crumbling they were worked by 
hand until the moisture content reduced enough for the sample to crumble at the 3mm 
diameter. When 5-20 grams of suitable threads were collected, they were weighed and then 
the moisture content was determined as in section 3.4.1. The moisture content was 
recorded and the average across three collections of threads was determined to be the 
plastic limit.  
 
3.4.5 Plasticity Index 
The plasticity index was calculated using AS 1289.3.3.1. This was a simple calculation, where 
the plasticity index is the difference between the liquid limit and the plastic limit. This is 
described as the range of water contents that a soil exhibits plastic behaviour. 
PI=LL-PL 
 
3.4.6 Linear Shrinkage 
Linear shrinkage was determined in accordance with AS 1289.3.4.1. The soil that had been 
cured for liquid limit testing had water added and was again mixed to a smooth consistency, 
as with the liquid limit tests. Water was added until the sample took 25±3 blows for groove 
closure. This moisture content is consistent with the liquid limit of the soil. The sample was 
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then placed into brass moulds, of a semi cylindrical shape with a length of 100mm and an 
internal diameter of 15mm. The moulds were greased with petroleum jelly before 
placement of the sample to avoid the sample sticking to the mould. The sample was then air 
dried for three days at room temperature until shrinkage stopped and a colour change was 
noted. The change in sample length was measured and then the sample was placed into an 
oven at 105 degrees Celsius. It was then measured again to check that further shrinkage had 
not occurred. The final length of the dry sample was taken, and the percentage shrinkage 
was calculated to find the shrinkage limit. 
 
3.4.7 Optimum Moisture Content and Maximum Dry Density 
To find the optimum moisture content and maximum dry density AS 1289 5.2.1 and 5.2.2 
respectively were used to find these characteristics. These values were determined by taking 
samples of soil at varying moisture contents either side of the estimated optimum level and 
compacting them into a cylindrical mould of dimensions 115mm (H) x 105mm (dia). The soil 
samples for each moisture content were mixed thoroughly and left to cure for a period of 
four days, in ensure the moisture content was even across the entire sample. In order to 
estimate the optimum moisture content for the sample, Australian Standards  1289 
recommended that a starting point of 2-3% less than the plastic limit. Nelson and Miller 
(1992) notes that the highly plastic inorganic clays usually have an OMC of 36-19. This is 
quite a broad range and was only used as a guide. With a plastic limit of 22%, the testing 
started by estimating the OMC at 20% moisture content. Samples were prepared at 
moisture contents of 17% , 20%, 22%, 25% and 28%. These samples were compacted into  
layers, with each layer being measured to ensure that the three layers are as effectively 
compacted as possible. This measurement is important to ensure that each sample is equally 
compacted. After the compaction was completed the sample, mould and baseplate were 










Figure 20- Zeroing dial gauge for swell reading (Author 2019) 
 
Before soaking, a tripod  and dial gauge were zeroed on each sample, to record vertical swell 
after soaking. The prepared samples were soaked in a water bath for four days before being 
drained for 15 minutes and tested. Before testing the dial gauge was checked and the 
vertical swell for each sample was recorded to the nearest 0.1mm. The tests were 
conducted in the manual CBR test machine in the soil laboratory at USQ’s Toowoomba 
campus. The load on the test piston and the penetration depth were recorded in accordance 
with the test procedure and plotted to obtain the maximum bearing capacity and therefore 
the CBR of the sample. The moisture content of the soaked samples were taken after testing 
and recorded.  
 
3.4.9 Uniaxial Compression Testing 
UCS testing was conducted using AS 1289.6.4.1. A soil sample was prepared at the optimum 
moisture content, as in section 3.4.2. After being left to cure for four days the sample was 





Figure 21- Free swell test (Author 2019) 
 
3.5 Treatment and Testing of Soil 
In order to determine if fly ash geopolymer stabilisation is a viable alternative to other 
methods, the methods for determining the long-term strength of lime stabilisation needed 
to be examined. Austroads (2017) notes that for lime stabilised subgrades, the structural 
thickness design procedures are based on the design CBR and the design modulus assigned 
to the stabilised subgrade. For pavement design using the Austroads methods, the stabilised 
subgrade can only be assigned a design CBR value not exceeding 15%. Although lime 
stabilisation of soil can result in higher CBRs, pavement design only allows for a maximum of 
15%. In order for the testing to be determined as successful, a design CBR of 15% should be 
achieved. Further improvements in bearing capacity are desirable from a practical point of 
view, there is no difference in the design standards and will be considered suitable as an 
alternative to lime stabilisation. It is for this reason that lime stabilisation was not tested 
during the research. The aim of the project was to determine whether fly ash geopolymers 
were a viable alternative to other methods of stabilisation, and if they met the 15% CBR 
result they were considered viable from a technical perspective.   
The treatment of samples required the addition of fly ash, sodium silicate and sodium 
hydroxide to the soil. The addition of fly ash would alter the soil’s optimum moisture 
content as well as the maximum dry density. Before CBR tests could be conducted the 
optimum moisture content and maximum dry density of the fly ash and soil mixture had to 
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be found. Class F fly ash was added to the soil, at a 20% of dry soil weight ratio. The fly ash 
was thoroughly mixed through the soil until the mixture was consistent. The literature 
indicated that the addition of 20% fly ash usually resulted in a 2-3% drop in OMC so this was 
used as a starting point for determining the OMC and MDD. The fly ash soil mixture was 
divided into five samples, and each was bought to a different moisture level to determine 
the OMC. The percentages used were 16%, 18%, 20%, 22% and 24%. The OMC procedure 
outlined in 3.4.7 was repeated until the OMC and MDD was found.  
With the OMC of 20% calculated, the additional water required to reach this moisture 
content was calculated and a 5 molar concentration of sodium hydroxide solution was 
prepared using the risk assessed safety procedure prepared as part of the project 
specification (see annex A) The 1:1 ratio of sodium hydroxide to sodium silicate was difficult 
to dissolve as the highly caustic solution caused the dissolved sodium silicate to crystalize 
out of solution. This problem had been noted in other research so was not unexpected. The 
undissolved sodium silicate was mixed through the soil where it would be available for the 
polymerisation reaction during curing.  
 
 
Figure 22- Clay sample before and after addition of fly ash (Author 2019) 
 
After the preparation of the treated soil, a suitable amount was set aside for curing and use 
for Atterberg limit testing. The rest of the treated soil was prepared for CBR and UCS testing. 
These were prepared using the same methods as the untreated samples. After preparation, 
the samples were placed in airtight containers and allowed to cure for 28 days. During the 
curing stage, the temperature was not strictly controlled, although the temperature ranges 
were not extreme as the laboratory is heated and air conditioned, therefore changes to 
curing time from extreme cold or heat were ruled out. The CBR test   
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After the 28 day curing time, the treated samples were visually inspected and then retested 
using identical test methods to the untreated samples. Using the same test methods 
ensured that the results were as consistent as possible. The liquid limit, Plastic limit, Linear 
shrinkage, CBR testing and UCS testing were repeated and results recorded.  
 
3.6 Cost Benefit Analysis 
The cost benefit analysis was performed for both the fiscal cost, and the greenhouse gas 
cost. The fiscal cost benefit was conducted in order to ascertain if the treatment would be 
economically viable, provided the improvements in strength are sufficient. The greenhouse 
gas cost comparison was conducted to determine any benefit sustainability that this 
treatment could provide. These two factors were determined using past research and are 
discussed in Chapter six.  
 
3.7 Laboratory Safety 
To meet Workplace Health and Safety requirements a risk assessment was created using the 
university Risk management procedure (RMP). The RMP has been designed to comply with 
the Work Health and Safety Act 2011 (QLD). The risk management process focuses on- 
• Identifying hazards 
• Understanding the likelihood and potential consequences of the hazards (Risks) 
• Reviewing current or planned approaches to controlling risks 
• Adding new control measures where required.  
This project had two distinct phases where risks could be present. The sample collection 
phase and the laboratory testing phase. The sample collection phase involved the collection 
of soil using hand tools and a petrol-powered auger. There was a risk when using hand tools 
which was mitigated by using appropriate personal protective equipment (PPE). This PPE 
included gloves, goggles, steel capped shoes and long pants. The petrol-powered auger was 
operated by a qualified technician with appropriate PPE, which included hearing protection.  
The second phase of the project involves the laboratory testing of samples. As this phase 
was more complicated, a Risk management Plan was raised on the university’s RMP Share 
56 
 
point register. Several hazards were identified, and their risks were evaluated using the risk 
management matrix on the site. 
 
Table 5- Risk assessment matrix (USQ 2019) 
 
 
  There were two broad categories, the first being mechanical hazards such as crushing and 
dropping while preparing samples and using the test equipment. The second were chemical 
hazards, from the use of sodium silicate and sodium hydroxide. Safety Data sheets were 
consulted so the risks and mitigation measures could be accurately assessed. Sodium 
hydroxide is highly caustic and as a result needed to be handled carefully, using the 
appropriate PPE. The alkalinity of the activator solution could be minimised by finding the 
lowest effective molar concentration for polymerisation. This lowered the risk of chemical 
burns when mixing. Sodium silicate is safe when in a liquid solution, although skin contact 












This chapter will present the results from the laboratory tests. Results for the treated and 
untreated samples will be presented together for the same test, in order to show the effects 
of treatment on the soil. Due to time restraints some experiments were only conducted 
once, while other more important tests, such as UCS and CBR were conducted multiple 
times, to ensure accuracy.  
 
4.2 In-Situ Moisture Content 
The moisture content of the soil was tested using AS 1289.2.1.1. Two samples were taken at 
depths of 300mm and 700mm, to check if the moisture level differed for the same soil type 
at different depths. The average in-situ moisture content was 17.5%.  
 
4.3 Particle Size Distribution 
Particle size distribution for the sample was conducted according to Australian Standards 
1289.3.6.1. Initially a dry sieve was conducted, but after the entire sample passed the 
2.00mm sieve it was determined that wet sieving was necessary due to the small particle 
size of the natural soil. Wet sieving was conducted through the No 40 sieve (425 micron). 
The sample had >98% of material passing the 425 micron sieve, and as such it was suitable 
for use in all laboratory tests in its natural state. Further analysis to determine the 
percentage clay content could not be conducted as there was not time of resources 





4.4 Liquid Limit Testing 
The liquid limit testing  was conducted in accordance with AS1289.3.1.1, the untreated 
samples had a liquid limit of 44%. This is within the range normally agreed upon for 
expansive clays. It is perhaps in the low range, but it is still classified as an expected LL for 
soils with a high degree of expansivity. After treatment the liquid limit decreased to 36%. 
This is a decrease of 8%, which is significant from a performance perspective. Both of these 
results were obtained with a high degree of certainty due to the choice of the four-point 
method rather than the single point. During the liquid limit testing of the treated samples it 
was noticed by the technician conducting the test that the soil was much easier to work 
with, exhibiting better workability and increased permeability.  
 
Table 6- Liquid limit testing results (Author 2019) 
Untreated 






Liquid Limit 44% 
 
20% fly ash+5mol NaOH and 
NaSIO3 













4.6 Linear Shrinkage Limit 
The shrinkage limits were conducted in accordance with AS 1289.3.4.1. The untreated 
samples shrunk considerably, with an average of 21%. This is on the high end of the 
shrinkage scale and represents a soil with a critical level of expansion, according to Altmeyer 
(1955). After treatment the linear shrinkage reduced to an average of 11%. This is still 
considered to be a high level of shrinkage, although the treatment did result in almost 






















Figure 28- CBR testing of fly ash geopolymer treated samples (Author 2019) 
 
 


















CBR of Alkali-Activiated Fly Ash Treated Soil
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4.9 Uniaxial Compressive Strength Testing 
UCS testing was conducted IAW AS 1289.6.4.1. The treated samples were tested in the Load 
Trac 2 test machine in the USQ soil laboratory. Three untreated samples were prepared, 
although one sample was destroyed before testing as it could not be removed from the 
mould without breaking. The remaining two samples were tested and both tests resulted in 
a maximum load of approximately 530N. This corresponded to values of 190kPa. The failure 
modes for both the samples was due to plastic deformation. The samples bulged at either 
end then failed. This was the expected failure mode for highly plastic clay samples.  
 
Figure 30- UCS chart for untreated soil (Author 2019) 
 
 


























UCS for Untreated Soil
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There were three treated samples prepared in the same manner as the untreated samples. 
These samples were removed from their moulds after preparation and wrapped in cling film 
to preserve their moisture content. They were then sealed in an airtight container for 28 
days to cure. The cured samples were tested using the same test apparatus. Two of the 
samples achieved similar maximum strengths, with 0.947kN and 1.04kN. These two values 
corresponded to a value of 485kPa and 412kPa. The third sample tested lower, with a 
maximum strength of 0.5kN. It was noted before testing that this sample had a slightly 
convex surface when it mated the loading piston. This convex surface coupled with the 
failure cracking radiating from this surface indicate that this irregularity may have resulted in 
the premature failure of the specimen.  
 





Figure 33-UCS of treated sample 
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4.10 Free Swell Index Testing 
After the samples were checked, the free swell index of each was measured with the 
following formula.  
 
Where Vd is the volume of the sample in distilled water and and Vk is the volume of the 
sample in kerosene. The free swell index is given in a percentage. The untreated sample had 
a final volume of 16.5cm3 and the treated sample had a volume of 15cm3. The kerosene 
soaked samples for the untreated and the treated samples were 9cm3 and 10cm3 
respectively. This gave a free swell index of 50% for the treated sample, and a free swell 
index of 75% for the untreated samples. This reduction in free swell shows a positive 





















In order to test the viability of the stabilisation method, pavements for various situations 
needed to be designed. The pavements were designed as if the native soil had the same 
properties as the soil used in the experiments. The design guides used were the Queensland 
Department of Transport and Main Roads regulations and Austroads guidelines for this task. 
• An unpaved road 
• A lightly trafficked pavement  
• A heavy duty pavement  
In Australia, the Austroads publications provide guidance on all aspects of road design. The 
standards define a subbase as the trimmed or prepared portion of the natural formation on 
which the pavement is constructed. The Austroads Guide to pavement Technology Part 2, 
Chapter 5 describes the difficulties of constructing pavements over expansive subgrades. 
Table 5.3 gives a guide to classifying expansive soils. It also states that the swell test is 
preferred to the plasticity index if facilities are available. Considering the sample tested 
exhibited a swell of 5.0% it was on the very border between High and Very high for 
expansive nature. Austroads provides guidance on stabilised materials in part 4D of their 
pavement design guides, with table 2.4 showing that the only option suitable for a clay soil 
with a plasticity index greater than 20 is Lime. 
Part four notes that for soils stabilised with lime, the rate of strength gain is considerably 
less than materials stabilised with cement or cementitious binders. It is for that reason that 
curing times must be allowed. The standard also notes that if the aim of stabilisation is to 
reduce plasticity, without achieving high strength gains then lower binder contents are 
sufficient. Part 4.8 of the supplement provides guidance on determining lime content 




The empirical (chart) methods were used for the both the lightly trafficked roads and the 
unsealed roads. For the heavy duty pavement, a mechanistic design method was adopted to 
determine an appropriate solution. This was accomplished using the evaluation version of 
the CirclyTM 6.0 pavement design software.  
 
Table 7- Binder selection chart (Austroads 2019) 
 
 
5.2 Lightly Trafficked Roads 
Austroads Guide to Pavement Technology Part 2, chapter 12 gives guidance on the design of 
lightly-trafficked roads. The guide defines these as flexible pavements with a design traffic in 
the range of 103-105. The standard also states that ‘Environmental conditions can have a 
more significant impact on the development of distress in lightly-trafficked roads than 
moderate-to-heavily trafficked roads. Designers need to consider the following  
• the potential of moisture ingress to cause weakening of subgrades and to cause 
volume changes in expansive soils  
• the potential of moisture ingress to cause weakening of unbound material  
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Keeping these points in mind during the design of the road, it is evident that stabilisation of 
expansive soils is important for even lightly-trafficked roads. Table 12.2 in the Design Guide 
gives an estimate of heavy axle group volumes for lightly-trafficked streets. The trial road 
designed was determined to be a local access street with no buses and it had a design life of 
20 years. This gives a design traffic of 4x104 ESA ( Equivilent Standard Axles). 
Guidance on the selection of pavement types based on traffic volume can be found in table 
2.2.1 in the TMR supplement for Austroads part 2. The road was determined to be an urban 
road, with the table recommending four options: 
• Lightly bound granular base with sprayed seal or asphalt surfacing 
• Unbound granular pavement with sprayed seal surfacing  
• Unbound granular pavement with thin asphalt surfacing 
• Asphalt over foamed bitumen stabilised base pavement  
The Austroads design guide states that lightly bound bases are typically used for 
rehabilitation works, rather than new roads, so a design using that method was not 
considered. An unbound granular pavement with either a sprayed seal or thin asphalt 
surfacing is recommended for lightly trafficked roads. Thin asphalt coatings are susceptible 
to fatigue cracking, although when used in a low traffic area the risk of fatigue cracking is 
low (Austroads 2017). The standard also goes on to state that thin asphalt surfaces are more 
resilient to minor traffic damage and provide a smoother and more durable surface than a 
sprayed seal. It is for these reasons that a thin asphalt surface over an unbound granular 
base was chosen.  
The subgrade for the road was the same soil as used in the laboratory, an expansive clay 
with a soaked CBR of 2.4%. Three designs were considered.  
• non stabilised subgrade  
• lime stabilised subgrade 
• fly ash geopolymer stabilised subgrade 
The design for the lime stabilised subgrade and the geopolymer subgrade was identical, 
given that the design guide states. ‘In using figure 12.2, selected subgrade and lime-
stabilised materials normally have a maximum design CBR of 15%, irrespective of the 
measured CBR results.’ Given that the CBR results for fly ash stabilisation gave a 28 day CBR 
of 15% the design using the Austroads chart method will be identical irrespective of which 
stabilisation method is used. A cost comparison was conducted for the two methods to 
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determine which was cheaper. All pavement designs will be considered ‘at grade’. The 
material locally available for all designs will be CBR 80, CBR 45 and CBR 15. These material 
choices are all commonly available from quarries and wholesale suppliers. 
 
 
5.2.1 Non-Stabilised subgrade 
The Pavement design and Supplement from The Queensland Transport and Main Roads 
Department (QTMR) states that for flexible pavements over subgrade material with a high or 
very high expansive nature, the minimum cover should be determined by figure 5.3.5 of that 
guide. The guide also states that the thicknesses stated in figure 5.3.5 are intended to 
mitigate the risk based on the importance of the road, so it may not be economic to provide 
these cover thicknesses, especially for low traffic areas, so this table was not applied, 
especially since the chart did not extend to the lower design traffic required for this road.   
Austroads 2017 states that a low permeability lower subbase of select fill capping should be 
provided above the expansive soil and that this capping should be encased in a geosynthetic 
liner. The guide states that the capping layer should extend at least 1.5m past the pavement 
surface and sealed shoulders should be provided in order to mitigate moisture level changes 
in the subgrade surrounding the pavement.  
Figure 35- Design chart for lightly trafficked roads (Austroads 2018) 
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Figure 12.2 of Austroads (2017) was used to obtain the total pavement thickness required. 
Using equation given in the figure, a thickness of 402mm was obtained. This was rounded up 
to 410mm of total material over the subgrade.  
IAW 5.3.5 of Austroads 2017, a capping layer of 150mm was applied, consisting of densely 
graded gravel with a CBR of 15 and a low permeability. This also meets the requirements of 
TMR (2018), table 5.9. This capping layer was wrapped in a geotextile liner and extended a 
minimum of 500mm past the edge of the pavement, as directed in 5.3.5 of Austroads (2017). 
The drainage for the pavement should also be incorporated into this capping layer, instead 
of in the subgrade, as is the case with other subgrade soils.  
Above this capping layer was placed a 120mm CBR15 subbase, then a 100mm CBR80 base, 
which supported a 40mm densely graded asphalt wearing surface. In order to improve the 
water resistance unbound materials below the asphalt, a bitumen seal layer should be 
placed directly to the base surface before the application of the asphalt base. This densely 
graded asphalt is recommended on lower trafficked roads as they do not see enough traffic 
to close up cracking in the asphalt as the bitumen oxidises over time, Austroads (2017).   
 
 




















Non-Stabilised Low Trafficked Pavement 
Subgrade Capping layer CBR15 CBR80 Asphalt
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This pavement design meets the thickness standards as set out in Austroads and TMR 
guidelines, with thought given to controlling moisture ingress into the expansive subgrade. 
Given the low traffic volume of the road, it would not be practical or financially feasible to 
apply all mitigation methods.  
 
5.2.2 Geopolymer stabilised subgrade 
A fly ash geopolymer can be used in the same way as lime stabilisation, reducing plasticity 
and volume changes due to moisture ingress. For the purposes of design, the same design 
guidelines will be used as for lime stabilisation.  
An improved layer of 200mm was adopted first, meeting the requirements of table 5.9 of 
TMR (2018). The design CBR of the stabilised subgrade was determined to be the minimum 
of, (1) 15%, (2) The results of the CBR tests(15%), or (3) the value determined from the 
support provided by the underlying material ( in situ material), as follows.  
𝐶𝐵𝑅𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑠𝑒𝑑 𝑠𝑢𝑏𝑔𝑟𝑎𝑑𝑒 = 𝐶𝐵𝑅𝑢𝑛𝑑𝑒𝑟𝑙𝑦𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 × 2 (
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑠𝑒𝑑 𝑠𝑢𝑏𝑔𝑟𝑎𝑑𝑒
150
)
= 2.4 × 2 (
200
150
) = 6.4% 
This gives a design subgrade of 6%, which according to table 12.2 of Austroads (2017) 
requires 245mm of cover. The thin asphalt layer of 40mm was supported by a 100mm CBR 
80 granular base. This is supported by 120mm subbase of CBR15 material. This gives a total 
cover of 260mm over the improved subgrade, and a cover of 460mm over the in situ 
subgrade. This improved subgrade should be constructed at least 500mm past the edge of 
the road as with the previous example. A sprayed seal should also be applied directly over 
the base surface to improve the water resistance of the pavement. The design for a lime 
stabilised subgrade would be identical, given the limiting factor in the improved subgrade 




Figure 37- Fly ash geopolymer stabilised low traffic road (Author 2019) 
 
5.3 Unsealed Pavement  
Guidance for the design of unsealed pavements is contained in Austroads Guide to 
Pavement Technology Part 6 : unsealed roads (2009). The major difference in an unsealed 
road is that instead of using an asphalt or bituminous seal, the surface layer is referred to as 
the ‘wearing course’ or ‘ sheeting layer’. This layer is usually made of locally sourced 
naturally occurring gravel Austroads (2009). The wearing course has to provide good 
wearing resistance, to ensure a low level of lost material, as well as a low permeability, to 
reduce the chance of potholes and rutting, Austroads (2009). Given that a lot of unsealed 
roads are in remote areas, the use of local materials is important in keeping the cost to a 
minimum, by reducing haulage costs. Austroads (2009) details procedures for winning local 
materials for use in these pavements. Due to most materials being won locally, there is 
limited scope for the use of high quality materials, such as those that would be found when 
constructing sealed pavements. For the purpose of design, the materials presented were 
limited to:  
• a wearing course of CBR40 natural gravel  
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• a CBR15 natural gravel  
• a CBR7 natural gravel 
The guide breaks down roads into classifications based on their design traffic and intended 
use. Table 2.1 in Austroads (2009) details the classifications of these roads based on typical 
traffic numbers and configuration. The modelled road will be a class ‘U2’ road, with a design 
ESA of 1 x105. Table 2.1 of the guide describes a class U2 road as:  
• Mostly all-weather former pavement with some drainage. Two pavement layers 
over subgrade. 
• With granular or modified materials in the wearing course. 
Table 2.2 in the standard states that a typical application of a U2 road would be a main link 
between communities, national parks, recreational areas or a haul road. It will also be 
capable of sustaining traffic at speeds up to 100 km/h and have two lanes plus a shoulder.  
 
5.3.1 Lime Stabilised Unsealed Pavement Design  
As the existing subgrade has a CBR <3, there is a requirement for the subgrade to be 
stabilised to a depth of 100-150mm, IAW Figure 4.3 of Austroads (2009). This stabilisation is  
usually done with lime but could also be done with a fly ash geopolymer. For this design the 
author used a 150mm lime stabilised layer to bring the subgrade design CBR up to 3% so 
figure 4.3 could be used to determine pavement thickness. The stabilised layer should be 
extended past the shoulders of the road to the drainage area to ensure moisture changes do 
not affect the road surface.  
With a design traffic of 1x105, figure 4.3 shows that a minimum thickness of 340mm is 
required. Given the additional cost when constructing pavements with more layers, the 
design was only made with two pavement layers, not including the wearing coarse, this was 
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in line with table 2.1 of Austroads 2.1. The subbase chosen was a 140mm CBR7 natural 
gravel, over which a 200mm CBR 30 base was applied.  
The wearing coarse was a natural gravel with a 4 day soaked CBR of at least 40%. This was in 
line with table 3.5 of Austroads (2009). The thickness of the wearing course was 100mm 
thick. Although this additional thickness is not needed initially, unsealed pavements lose a 
significant amount of gravel over time, through traffic and patrol grading. Part 8.3 of the 
guide states that up to 150mm of wearing material can be lost over an 8-12 year period, 
although 100mm is typical. The design assumed a typical gravel loss of 100mm before 
resheeting. This additional pavement depth also allows extra depth to reduce the chance of 
the expansive subgrade swelling due to moisture ingress.  





Figure 39- Lime stabilised unsealed road design (Author 2019) 
 
5.3.2 Geopolymer Stabilised Unsealed  Pavement 
The geopolymer stabilised road started with a fly ash stabilised subgrade with a thickness of 
400mm. This thicker layer was chosen to ensure that less subbase and base materials had to 
be sought. Although the 400mm stabilised layer needs to be compacted in two layers it 
means that more of the available material can be used.  
𝐶𝐵𝑅𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑑 𝑠𝑢𝑏𝑔𝑟𝑎𝑑𝑒 = 𝐶𝐵𝑅𝑢𝑛𝑑𝑒𝑟𝑙𝑦𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 × 2 (
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑏𝑔𝑟𝑎𝑑𝑒
150
)
= 2.4 × 2 (
400
150
) = 12.8% 
Using the equation to determine effective subgrade CBR as with previous designs, this 
comes to an effective subgrade CBR of 12. Using figure 4.3 of Austroads Pt 6 (2009)  the 
required thickness comes to 140mm. A 140mm CBR30 base was laid over this geopolymer 
stabilised subgrade layer. The wearing course will consist of 100mm CBR40 natural gravel, to 
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Figure 40- Fly ash geopolymer stabilised unsealed pavement design (Author 2019) 
 
5.4 Heavy Duty Pavements  
Heavy duty pavements are typically classified as pavements with a design traffic of at least 
107 ESA. These heavy duty pavements are usually freeways and other major routes. 
Subsequently the reliability factor for these pavements are much higher than other 
pavements. Austroads Pt 2 assigns a reliability of 97.5% be used in the design of heavy duty 
pavements, which was adopted in these designs. Table 2.2.1 of the TMR supplement to 
Austroads Pt 2 recommends a number of pavement types as suitable for heavy duty 
pavements:  
• Full depth asphalt 
• Thick asphalt over cemented subbase 
• Sprayed seal over granular base  
• Thick asphalt over lean-mix asphalt 
A combination pavement was chosen for this design, with a thick asphalt over a granular 
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this pavement, with the use of an evaluation version of CirclyTM version 6.0. Given that only 
an evaluation version of CirclyTM was available, the pavement design may not be entirely 
optimised, although will meet the requirements of Austroads (2017). A number of 
assumptions were made during the pavement design process: 
• Design traffic of 5x107 ESA  
• Reliability of 97.5% 
• Material available is identical to previous designs. 
• Minimum cover over expansive subgrades determined by TMR Sup fig 5.3.5 
• Minimum asphalt thickness of 175mm 
• Cemented subbase thickness must be 150-200mm  
The guide for minimum cover over expansive soils is contained in TMR (2018). As noted 
earlier, the in-situ subgrade has been determined to be ‘very high’, using table 5.3.5 in TMR 
(2018). The standard offers significant guidance for the treatment options available for 
expansive soils and notes that not all of these options are financially viable for all projects. 
The guide goes on to state that ‘these thicknesses are intended to mitigate the risk based on 
the importance of the road (for example, low risk for heavily trafficked pavements, and 
higher risk for lower trafficked pavements). However, it may not always be economic to 
provide these cover thicknesses, particularly for pavements with low traffic and where 
suitable fill materials are not readily available. In such circumstances, a design solution that 
accepts the potential impacts and addresses these through appropriate maintenance may be 
necessary’ TMR (2018). Given that the reliability of this pavement is 97.5%, the risk of 
subgrade expansion due to moisture ingress should be mitigated as much as possible, so the 
minimum thicknesses given in figure 5.3.5 were used. For a very highly expansive subgrade 
the minimum cover over the expansive subgrade was determined to be 1200mm. The 
minimum asphalt thickness of 175mm and the 150-200mm subbase thickness were obtained 




Figure 41- Minimum cover for expansive soils (TMR 2018) 
 
Given the low risk needed for this pavement, other mitigation factors should be employed in 
addition to the minimum cover requirements. 
 
5.4.1 Unstabilised Subgrade 
When designing pavements with a subgrade design CBR of less than 3%, TMR (2018) notes 
that a soft subgrade treatment that results in a presumptive CBR of at least 3% is typically 
provided. Using table 5.9 of TMR (2018), it can be seen that a 200mm coarse granular fill is 
required for this subgrade. The granular fill will be of type 2.4 material and be wrapped in a 
geotextile material.  




Given the minimum required cover is 1200mm, a significant amount of selected fill will be 
required to make up the additional thickness below the pavement subbase. A final 
pavement thickness of 525mm was adopted, so the total selected fill thickness came to 
475mm. The quality of the selected fill can be lower, which reduces the cost of the fill. This 
cost reduction would be particularly important considering the large thickness required. A 
selected fill with a CBR of 6% was chosen to keep material costs down.  
This selected fill was placed over the geotextile wrapped coarse granular fill and compacted 
in two layers. The design CBR of the selected subgrade was determined to be the minimum 
of, (1) 15%, (2) The results of the CBR tests(6%), or (3) the value determined from the 
support provided by the underlying material ( in situ material), as follows.  
𝐶𝐵𝑅𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑏𝑔𝑟𝑎𝑑𝑒 = 𝐶𝐵𝑅𝑢𝑛𝑑𝑒𝑟𝑙𝑦𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 × 2 (
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑏𝑔𝑟𝑎𝑑𝑒
150
)
= 2.4 × 2 (
675
150
) = 21.6% 
The limiting factor for the design CBR of the selected subgrade was determined to be the 
CBR test result of 6%. The pavement was then designed over the top of this subgrade using 
Circly 6.0.Given that cemented materials and asphalts were more expensive than unbound 
granular materials, the design process sought to minimise the thicknesses of these layers 
while ensuring that the Cumulative Damage Factor (CDF) was less than 1. The pavement 
returned a favourable result in Circly, with the figure indicating the asphalts cumulative 
damage factor to be at 0.854 and the cemented layer to be at 0.337.  
 
Figure 42-Circly design output (Author 2019) 
 
 A satisfactory design was obtained using the software which minimised both the asphalt 
thickness and the cemented layer. The design chosen incorporated a 150mm cemented 
subbase, overlain with a 200mm layer of CBR45 unbound crushed rock, with 175mm of 




Figure 43- Unstabilised heavy duty pavement (Author 2019) 
 
5.4.2 Fly Ash Geopolymer Stabilised Heavy Duty pavement  
For the design of the fly ash stabilised geopolymer subgrade design, the same design 
assumptions were used as for the previous example. With the previous design, there was a 
need to remove 675mm of subgrade and replace with selected fill material. This decision 
meant that a lot of material would have to be taken off site and disposed of and a large 
amount of extra fill hauled to the site. This would add a significant amount of cost and time 
to construction. To minimise the amount of new material needed, this design stabilises the 
in-situ subgrade using the geopolymer mix. Given the required thickness of the improved 
subgrade, the material would still have to be excavated, and then treated with the alkali 
activated geopolymer mix and compacted in three layers, given the standard 250mm 
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The design CBR for the improved subgrade was determined using the same method as 
previously, either the minimum of, (1) 15%, (2) The results of the CBR tests(15%), or (3) the 
value determined from the support provided by the underlying material ( in situ material), as 
follows. 
  𝐶𝐵𝑅𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑑 𝑠𝑢𝑏𝑔𝑟𝑎𝑑𝑒 = 𝐶𝐵𝑅𝑢𝑛𝑑𝑒𝑟𝑙𝑦𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 × 2 (
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑏𝑔𝑟𝑎𝑑𝑒
150
) =
2.4 × 2 (
675
150
) = 21.6% 
Given that the soaked CBR testing of the geopolymer stabilised material was 15%, the design 
CBR for the subgrade was determined to be 15%. As with the previous design, the goal was 
to minimise the thicknesses of more expensive materials, such as the asphalt and the 
cemented subbase. The chosen pavement design was a 150mm cemented granular subbase 
with, with a 200mm CBR45 granular layer, and a 175mm asphalt layer. The asphalt had a 
modulus of 3000MPa, and the cemented subbase had a modulus of 3500MPa. A 
waterproofing bituminous seal was applied directly beneath the asphalt layer to waterproof 
the unbound granular layer.  
 
 
Figure 44- Circly output (Author 2019) 
 
The pavement returned a favourable result in Circly, with the figure indicating the asphalts 
cumulative damage factor to be at 0.895 and the cemented layer to be at 0.00948. Although 
the cemented layer could have taken a much higher cumulative stress factor, the thickness 
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6.1 Atterberg Limits  
As discussed in the Literature review, the Atterberg limits are an important measure of the 
soil’s potential behaviour. These limits are frequently used by engineers for all soil tests. The 
plastic limit of the natural soil was 44%, which decreased to 36% after the activated fly ash 
treatment. The LL of 44% is within the range expected for an  expansive clay, even if it is on  
the low side. The reduction to 36% is significant as it shows an improvement in the soil’s 
cohesion at higher moisture contents. Nelson and Millar (1992) note that generally soil with 
a liquid limit of less than 30% have a low potential for swelling. As with all attributes for 
expansive soil, when viewed in isolation they aren’t 100% indicative of the soil’s swelling 
behaviour. When combined with other attributes these individual improvements can 
provide a more accurate picture. 
The plastic limit of the untreated soil was 20% and improved to 25% after treatment. 
Although the plastic limit is rarely used in isolation as a reliable indicator of soil behaviour 
and swell potential, its use in the calculation of the plasticity index is what makes 
improvements in the figure important. The plasticity index, which is generally agreed upon 
to be one of the best indicators of shrink-swell, improved from 24, to 9. This was a huge 
reduction in PI and represents a positive change to the soil’s characteristics. A high plasticity 
is indicative of low strength, high swell and unreliability. During testing of the treated soil, 
the author noted the consistency of the soil had changed dramatically. Initially, the soil was 
difficult to add water to as it became sticky, and a lot of work was required to ensure the 
water permeated evenly through it. After treatment the soil accepted water far easier and 
was not as sticky or difficult to work with. There was a ‘sandy’ texture to the soil that had 
not been present before treatment. This sandy texture was attributed to the polymerisation 
of the soil during treatment forming larger particles. These larger particles meant that the 
total surface area to volume ratio of the soil will have dramatically decreased. If that had 
happened it would help explain the improvement in the plasticity index  and workability of 
the soil. By reducing the surface area to volume ratio, the amount of water that can be 
adsorbed by the clay will have reduced, meaning that a reduction in shrink-swell is likely. 
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This reduction in shrink swell was observed during the linear shrinkage test. Prior to  
treatment the linear shrinkage across three samples was 21%. Nelson and Miller (1992) 
define this level of shrinkage as critical. After treatment the linear shrinkage reduced to an 
average of 11%. This can still be considered moderate, although it is a god improvement. 
The reduction in linear shrinkage confirms what was speculated above, that the reduction in 
plasticity index and the sandy texture of the treated soil indicated a reduction in the shrink 
swell behaviour of the soil.  
 
6.2 California Bearing ratio 
The results have indicated that the treatment of expansive soil with alkali activated fly ash 
geopolymers can improve the bearing capacity of a soil. The untreated soil achieved a very 
low CBR test result, with an average strength of 2.4%. and had an average vertical swell of 
5%. After treatment the CBR improved dramatically to 15%, and the vertical swell reduced to 
0.85%. The initial result of 2.4% is very low, and for pavement applications it requires 
considerable extra design considerations to be usable. The QMTR Pavement Design 
Supplement (2018) outlines the procedures for designing and constructing pavements in 
Queensland and has a number of addition requirements if the subgrade CBR is less than 3%. 
Some of these additional requirements include: 
• Covering the soft subgrade with >200mm of strong granular fill 
• Adding an improved layer of bound (cemented) fill 
• Geotextile wrapped granular material (unbound granular or recycled) 
These additional requirements raise the cost of road projects due to the additional material 
and work. The design supplement states that for subgrades  with a design CBR of 15% and 
greater, there are no additional requirements. This shows that the improvement of CBR 
after treatment can be effective enough that expansive soils can safely used as subgrades 
without further treatment or design considerations.  
The QMTR design supplement also has similar requirements for soils that exhibit vertical 
swell during CBR testing. According to the regulations a CBR swell of 5.0% shows a very high 
expansive nature. The treatment options for very expansive soils  include; 
• Additional drainage installation  
• Impermeable moisture barriers over expansive soil 
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• Additional unbound fill  
• Excavation, removal and replacement of expansive soil 
 
Table 9- Expansive soil classifications (TMR 2019) 
 
 
The regulations show that soils with a CBR swell of 0.5-2.5% are classed as moderately 
expansive. These moderate soils do not require any of the additional treatment options 
described above. This means that according to current design regulations in Queensland, the 
treatment option tested can provide improvements to bearing capacity and shrink swell 
behaviour good enough that no further remediation is necessary.  
 
6.3 Unconfined Compressive Strength 
The UCS testing of the untreated samples resulted in a 190 kPa failure point for both 
samples. These samples failed in a plastic manner, with bulging at both ends of the sample. 
After testing the average of results was 450 kPa. After treatment the failure mode also 
changed from plastic to shear failure. This failure mode could be the result of the formation 
of polymer networks during the treatment reaction and the expulsion of water during the 
reaction. The 450 kPa result shows a 237% improvement in shear strength. This is not as 
drastic as the improvements in CBR but is still a positive result. Anusha (2017) achieved a 
UCS of 360 kPa using a similar ratio of geopolymers. This similar result was encouraging 
although the improvements were not as substantial as Murmu (2018). Murmu achieved 
results as high as 2400 kPa using a 20% fly ash content. Murmu also notes that there has 
been a vast difference in UCS results using all stabilisation methods. They go on to note that 
due to the widely different properties of expansive soils, treatment options and results may 
vary from soil to soil. It is for this reason that they stress each stabilisation treatment be 
tailored to the individual soil. The also noted that there was a direct correlation between the 
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increase in shear test and fly ash content. They hypothesise that this is due to the availability 
of more alumina and silica, which leads to the formation of denser geopolymer matrices.  
Although the improvements were not as large as the CBR tests, a 237% improvement is still 
significant and shows that geopolymer stabilisation can be a viable treatment to improve the 
shear strength of expansive soils.  
 
6.4 Pavement Design Comparison 
6.4.1 Lightly Trafficked Pavement 
These designs are similar, although the design with the capping layer would require more 
material to be excavated and disposed of than the stabilised design. The cost that this would 
add to the construction are variable given the availability of capping material and the 
distance from the source of the imported material. The geotextile wrapped capping layer 
does have the advantage of being impermeable, with drainage being included to ensure that 
the natural subgrade does not absorb moisture. The permeability of the improved subgrade 
has not been tested and there is the possibility that the 200mm layer may not be sufficient 
to prevent water ingress. This is important given the guide acknowledges that lightly 
trafficked roads are more susceptible to environmental damage from moisture ingress than 
other more trafficked pavements. This could be mitigated to an extent by including drainage 
in the stabilised subgrade, and geotextile wrapping. Until the permeability of the 
geopolymer stabilised soil is known, it cannot be accurately predicted whether it will provide 
adequate moisture protection for the natural subgrade.  
 
6.4.2 Unsealed Pavement 
The advantage of the geopolymer stabilised design is the pavement thickness over the in-
situ subgrade is substantially deeper. This means that moisture changes in the subgrade are 
far less likely to affect the pavement. The use of a thick layer of improved subgrade also 
means there is far less material that needs to be hauled to the site or won locally. The 
disadvantage of this is that more of the subgrade needs to be initially excavated. Both 




6.4.3 Heavy Duty Pavement 
The two pavement designs are very similar, and both performing similarly under load. The 
differences in cost and construction time would depend on a number of factors. The 
unstabilised design requires a large volume of imported material, to make up the 675mm 
layer of capping and selected fill. This means that there will be increased material cost as 
well as large disposal costs. The final cost of this would depend on how far the selected fill 
material had to travel and the distance from a disposal site for the removed subgrade. The 
geopolymer stabilised design removes the need for this large amount of imported material 
as it uses the subgrade available. With the addition of 20% fly ash, there would still be a 
small amount of material that would have to be disposed of, although mush less than using 
the other method. The cost of stabilisation chemicals would likely be offset by this reduction 
and could prove cost effective on heavy duty pavement projects over expansive subgrades.  
 
6.5 Cost Benefit Analysis 
There was a limited amount of research available for the cost benefit of geopolymer 
concretes over Portland cement. There are a number of variables the make it difficult to 
provide an accurate assessment of the costs, both from a financial and emissions standpoint. 
These variables can include  
• Distance from production source 
• Distance from bulk storage to site 
• Production cost  
• Greenhouse Gas Emissions during production 
• Type of transport  
• Market price  
• Electricity usage  
As can be seen, many of the factors have a large geographical component, with 
transportation cost and emissions being a substantial part of the total cost. The research my 
McLellan et al (2011) was one of the only studies conducted from an Australian perspective. 
They noted that the costs, particularly the financial costs were highly dependent on the 
distance from the source material production point or port, and the job site. McLellan et al 
(2011) also noted that the market for Portland cement is far more competitive and prices 
were less varied with distance. This competitive market also meant that market prices 
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tended to vary much less than with come components required for geopolymers, such as 
sodium hydroxide. The research concluded that from an Australian perspective, the financial 
cost of geopolymer cement can be up to twice as high as ordinary Portland cement. 
McLellan et al (2011) primarily attributes this to the variability of feedlot distances for 
source materials. Interestingly, McLellan noted that if a carbon tax was introduced, which is 
increasingly more likely given the global push for sustainability, the cost benefit would likely 
reach parity. This parity was obtained with a carbon cost of $20 per tonne, which McLellan 
notes is possible.  
From an environmental perspective, the main reduction in greenhouse gas emissions stems 
from the fact that fly ash is a waste product from the production of electricity, so is virtually 
emission free. The alkaline activator is primarily produced through the electrolysis of brine 
and consumes a significant amount of energy. The long transportation distances for certain 
materials as noted by McLellan et al (2011) also contribute to the emission cost of 
geopolymers. The emissions cost of Portland cement is estimated by Anusha (2017) to be 
approximately 1.0 tonnes of Co2 per tonne, which was confirmed by McLellan (2011). Both 
Anusha and McLellan found that the greenhouse gas emissions of fly ash geopolymer 
cement to be much lower than OPC. McLellan estimated that the reduction for Australian to 
be in the range of 44-64%, depending on location. Anusha reported a reduction of 60-80%. 
This difference is likely due to the fact that Anusha’s study looked at global figures, while 
McLellan’s was focused on Australia.  
Overall, the financial expense of geopolymers may impact their adoption in soil stabilisation, 
although it is foreseeable that this could be negated by the introduction of a carbon tax. 
Some of this financial detriment is overcome by the fact that the greenhouse emissions of 
geopolymer cement is so much lower than that of Portland cement. Coupling this with the 
fact that fly ash is a waste product, the argument could be made that the disposal and 
carbon benefits outweigh the financial cost. The environmental and ethical costs of 
engineering are becoming more important to people and this is likely to become more 
important as time goes on.  
 
6.5 Project Specification 
There is one point that has not been met for the project specification. ‘Determine whether 
geopolymer stabilisation could be useful in stabilizing foundations of existing structures in 
93 
 
South East Queensland’ After review of the literature it became apparent that the majority 
of the research available for geopolymer stabilisation pertains to its use in stabilising soil 
before construction of foundations and pavements. The use of geopolymers for a 
remediation measure for existing structures is very limited in scope, and its other uses were 
more widely applicable. It was for this reason that its use for other applications in 



























Expansive soils pose significant issues for governments, councils, residents and engineers. 
The soil’s unpredictable levels of shrink and swell can damage pavements and structures 
built over them. The project set out to investigate the possibility of using these geopolymers 
to stabilise expansive clays in South East Queensland and to investigate whether they are 
suitable for stabilising foundations of existing structures.  
The first objectives of the project were met after considerable research was undertaken  
into the use of geopolymer stabilisation and reactive soils. The research uncovered the many 
problems faced when working with expansive soils such as; low bearing capacity, 
unpredictable shrink-swell, and difficulty with workability. Using local knowledge, the author 
identified a location that was suitable for testing and took samples from the soil. Preliminary 
testing was conducted on the soil and it was confirmed that the author’s observations were 
correct, the soil was an expansive clay suitable for the project. Research was conducted to 
determine the optimal geopolymer mix, accounting for performance increases, cost, safety 
and workability. It was determined that a lower concentration of alkaline activator solution 
would perform as well as a more concentrated solution. This reduction in alkaline 
concentration resulted in many benefits. The sodium hydroxide component of the 
geopolymer was found to be the most expensive component and also contributed to the 
highest percentage of greenhouse emissions. Along with the environmental and financial 
benefits, this lower concentration also reduced the safety risks associated with handling 
highly caustic materials.  
Testing procedures for identifying expansive soils were researched, and a testing regime was 
decided on that provided a good indication of the soils properties and allowed the effects of 
the treatment to be measured accurately. Laboratory testing was organised within USQ 
Toowoomba and the testing was conducted using the appropriate procedures and 
standards. The testing was completed successfully, although there were a few tests that had 
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to be repeated as samples were improperly prepared. This was a learning experience for the 
author as it was their first time conducting many of these tests.  
The results from the tests were analysed and compared to current stabilisation methods. It 
was concluded that geopolymer stabilisation could provide sufficient performance increases 
to be a viable alternative to traditional stabilisation methods such as cement or lime. 
Although the performance increases were comparable, there were disadvantages to 
geopolymers, the main one being the cost compared to traditional methods. The research 
found that for Australia, the cost of geopolymer stabilisation could be as high as double that 
of ordinary Portland cement. An interesting fact found during the cost analysis was that the 
cost would reach parity if a carbon tax was introduced. A carbon tax is a possibility in the 
future and if one is introduced, geopolymers will become a far more attractive option for 
stabilisation. Although the costs are higher than traditional methods, the carbon cost of 
geopolymers is substantially lower and finds a use for waste fly ash which diverts it from 
land fill and provides another source of income for power companies.  
The design of pavements with geopolymer stabilised subgrades was undertaken and 
assessed for adequacy using the Austroads guides. Technically speaking the pavements met 
the design standards and in certain situations it would be favourable to used fly ash 
geopolymer stabilisation instead of other methods of subgrade stabilisation. There are cost 
problems associated with fly ash geopolymers, mainly given the cost of sodium hydroxide in 
Australia, but should a carbon tax be introduced, geopolymers would likely be cheaper than 
lime. A set of standards should be introduced by Austroads or a relevant state body to 
outline the procedure for stabilising expansive soils with fly ash based geopolymers.  
The final objective, which was to determine whether geopolymer stabilisation could be used 
to stabilise existing structures in Queensland was not reached, as the author decided that 
stabilisation of existing structures was a very limited scope and not of great importance, 
given the relatively small amount of material required for stabilisation of existing 
foundations. Instead the author focused on determining if geopolymers could be used in 
Queensland to replace existing stabilisation methods for large projects such as pavements 
and new structures. As discussed in the above paragraph, it could provide a sustainable, low 





6.2 Further Work  
There are a few ideas for further work on the subject that the author suggests. Firstly, during 
the research it was noted that traditional lime and cement stabilisation techniques can fail 
to provide adequate improvements for some soils. These soils usually contain high levels 
organic materials or sulphides. These soils are not uncommon in Queensland and are 
generally dealt with using other methods, such as removal and replacement or the addition 
of extra improved layers. Investigation should be made into whether alkali activated 
geopolymers encounter the same difficulties as cement and lime in these soils. Given that 
geopolymers gain their strength from a completely different chemical reaction than cement, 
it is possible that they will be able to stabilise these soils more effectively than traditional 
methods. Researchers wishing to investigate this possibility should find a variety of these 
difficult soils and test them using the methods outlined in this paper.  
Another option that needs to be explored is the practical application of alkali activated 
geopolymers in Queensland. A suitable road project could be identified and geopolymer 
stabilisation techniques could be applied to determine an effective method of treatment. 
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Appendix A -Project Specification 
ENG4111/4112 Research Project Specification 
 
For:   Dylan Daley 
 
Title:   Use of geopolymer for stabilizing expansive soils 
 
Major:   Civil Engineering 
 
Supervisor:  Andreas Nataatmadja 
 
Enrolment:  ENG4111-EXT S1 2019 
         ENG4112-EXT S2 2019 
 
Project Aim:  'To investigate the possibility of using geopolymers containing sodium silicate 
and sodium hydroxide to reduce the shrink-swell variation in expansive clay 
soils in the South East Queensland region and its use to stabilise the 
foundations of existing structures. 
 
Programme:  Version 2- 12th April 2019 
 
1. Research information relating to the use of geopolymers for geotechnical 
stabilisation, shrink-swell characteristics of reactive clays and appropriate 
testing procedures. 
 
2. Identify 1-2 locations likely to be suitable for testing. If soil tests are 
available use those, if not conduct preliminary soil tests to identify suitability 
for testing. Preliminary tests most likely to consist of Plasticity index test and 
identification of Atterberg limits, most usefully Liquid Limit. (10 May) 
 
3. Identify best geopolymer ratio and solution for testing, using past research 
results. (17 May) 
 
4. Decide on appropriate testing procedures for samples using Australian 
Standards and past research. Most likely tests to be conducted will be 
California Bearing Ratio, Clay Content, Plasticity index and Atterburg Limits. 
(17 May) 
 
5. Organise laboratory access and equipment for testing. Ensure risk 
assessments are completed prior to commencement of tests. (31st May) 
 
6. Conduct testing for samples IAW Australian Standards. At this stage testing 
likely to consist of CBR, Atterburg Limits, clay content, Plasticity index. 
(Completed by 31 July) 
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7. Analyse test results and compare with current stabilisation methods for 
expansive soils. (31 Aug) 
 
8. Determine on whether geopolymer stabilisation could be useful in 
stabilizing foundations of existing structures in South East Queensland 
 























































































Appendix D -Raw LoadTrac 2 Data 
 
Fly Ash Geopolymer Treated CBR test results  
Sample 1      Sample 2 














UCS Testing for Untreated Soil 
Sample 1      Sample 2  





UCS Testing for Fly Ash Geopolymer Treated Soil 
Sample 1      Sample 2 
  










Appendix D- Circly Output Files 




Fly Ash Geopolymer Stabilised Heavy-Duty Pavement 
 
 
